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Mercury distribution and bioaccumulation in aquatic ecosystems of tropical Australia is poorly characterised.
Barramundi (Lates calcarifer), a widespread high-order predator in both fresh and coastal marine waters of the
region, fulfils requirements for a bio-indicator of mercury contamination. In a study of the Mary River system of
the Northern Territory, total mercury in the muscle tissue of 300 specimens gathered over four years
(2013–2017, across both wet and dry seasons) was determined by direct combustion–atomic absorption spec
trometry. Source of nutrition and trophic position of barramundi in the food web was also estimated via carbon
and nitrogen isotopes (δ13C and δ15N), respectively, in tissue by stable isotope mass spectrometry, and deter
mination of strontium isotopes (87Sr/86Sr) in otoliths by laser ablation–ICPMS differentiated between freshwater
and saltwater residence. Results showed that fish moving into freshwater floodplain wetlands concentrated
mercury in muscle tissue at approximately twice the level of those that remained in saline habitats. Resolving life
histories through otolith analyses demonstrated diversity in mercury bioaccumulation for individual fish of the
same migratory contingent on the floodplains. Although trophic level (δ15N), capture location, source of nutri
tion (δ13C), and age or size partly predicted mercury concentrations in barramundi, our results suggest that
individual variability in diets, migration patterns and potentially metabolism are also influential. Using a
migratory fish as a bio-indicator, and tracking its life history and use of resources, proved valuable as a tool to
discern hot spots in a coastal waterway for a contaminant, such as mercury.

1. Introduction
Mercury is an insidious global pollutant that has been long recog
nised as a growing calamity (e.g. Katz and Krenkel, 1972), with its
emissions from human activity possibly on the rise again (UNEP, 2019;
Outridge et al., 2018). Its record of damage to ecosystem health
—including human health—is becoming more widespread (Driscoll
et al., 2013), although with uncertain implications at the global scale
from a multi-timescale perspective (Li et al., 2021). A better under
standing of mercury in the global ecosystem as a whole is required to
develop concerted actions to mitigate the effects of human activities,

which have increased current atmospheric Hg concentrations by about
450% over natural levels (Outridge et al., 2018). Worldwide action to
combat mercury pollution is progressing, with the UN Minamata
Convention on Mercury recently coming into force (August 16, 2017;
www.mercuryconvention.org, last accessed July 18, 2021).
Ecological studies of mercury and its distribution in biota of tropical
northern Australia are few, in contrast to the many reports of this heavy
metal in the tropical Americas (Brazil, French Guiana and Florida—e.g.
Costa et al., 2012; Crespo-Lopez et al., 2021). Jardine and Bunn (2010)
appraised the occurrence of mercury in northern Australia and
concluded that “low atmospheric deposition, owing to prevailing wind
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direction and few local point sources, coupled with highly productive
waterbodies, contributes to low Hg bioaccumulation”, although this
summation was based on very few empirical observations.
Barramundi (Lates calcarifer) is a carnivorous, euryhaline fish species
that is also a protandrous hermaphrodite (Davis, 1987; Roberts et al.,
2021), found across most of the Indo-West Pacific region from East Af
rica, and the Arabian Gulf to the Indochinese Peninsula, Sea of Japan,
Papua New Guinea and northern Australia (FAO, 2020). Australian
populations of barramundi are widely considered to be catadromous,
with spawning occurring in coastal marine habitats; larvae and young
juveniles inhabiting mangroves or saltmarshes of estuaries; and juve
niles subsequently migrating to freshwater rearing habitat in their first
or second years (Davis, 1987). These fish typically begin to mature as
males at 3–4 years of age and migrate to the marine spawning grounds,
where they spawn for one or two seasons before undergoing protandrous
(i.e. male to female) sex inversion at around 90 cm length (Roberts et al.,
2021). Recent studies, however, have shown that the species exhibits
considerable life history variation both among populations and at the
individual level (McCulloch et al., 2005; Crook et al., 2016). In addition
to the catadromous life history, some fish remain in saltwater for their
whole lives, while some catadromous individuals exhibit an extended
period of freshwater occupancy (up to eleven years); this latter contin
gent do not appear to participate in spawning as males, with female
maturation apparently occurring in freshwater prior to migration to the
saline spawning grounds (Crook et al., 2016).
Large barramundi are high-order predators in tropical rivers of
Australia (Jardine et al., 2013; Turschwell et al., 2019; Luiz et al., 2019);
at lengths ≥100 cm they are predominantly piscivorous (Davis, 1985)
and susceptible themselves to perhaps only sharks, saltwater crocodiles
(Crocodylus porosus) and human harvest. With this position in the food
chain, and their dietary diversity through life, barramundi are exposed
to bioaccumulation of mercury (Bowles et al., 2001; Bisi et al., 2012).
Such is recognised in the Australia and New Zealand food standards code
(FSANZ, 2004, http://www.foodstandards.gov.au/code/Documents/
Sched%2019%20Contaminant%20MLs%20v157.pdf, last accessed
January 10, 2022), where barramundi is included in a small group of
fish permitted to have a maximum of 1.0 mg Hg/kg wet weight, rather
than the usual 0.5 mg Hg/kg wet weight for commercial sale of seafood.
Australian barramundi exhibit strong system fidelity, as evidenced
by high levels of genetic structuring among geographically distinct es
tuaries (Keenan, 1994; Loughnan et al., 2019). This system fidelity,
combined with variation in life history and migration patterns and the
species’ high trophic level, make barramundi an excellent study or
ganism for discerning the effect of life history and the environment on
the uptake of mercury.
Existing information on mercury concentrations in barramundi is
extremely limited for the northern Australian region. Studies have been
conducted in Queensland (Port Curtis; Jones et al., 2005) and neigh
bouring Papua New Guinea (Lake Murray/Fly River system; (Bowles
et al., 2001)), as aquatic systems with known industrial inputs of metals,
including mercury. Only Jardine et al. (2012a) have investigated
barramundi from rivers removed from localised mercury inputs in two
systems of western Queensland, as part of a large-scale survey of mer
cury’s bioavailability in tropical North Queensland.
Here, we report the first intensive study of mercury levels in a
migratory fish (L. calcarifer), as a model species, with the aim of inte
grating biological and ecological data to examine the effects of migra
tory patterns and trophic status on mercury levels down to individual
fish. Barramundi were sampled across size range/age, and both spatial
and temporal gradients of a highly productive floodplain river system in
the wet-dry tropics (Mary River, Northern Territory), from freshwater to
marine environments over several seasons and years. Insights into tro
phic status were derived from measurements of stable isotopes of carbon
and nitrogen in the same samples to discern sources of nutrition and
trophic level, while the migration histories of a subset of fish were
examined via analyses of stable isotopes of strontium in otoliths (fish ear

stones). Based on these data—especially the diversity in life history—we
seek to resolve the ecological characteristics that dispose barramundi to
bioaccumulation of mercury in tropical river systems and its potential as
a bio-indicator, and to contrast hot spots of mercury bioaccumulation
with other tropical regions globally.
2. Materials and methods
2.1. Study site
The study was conducted in the Mary River (12◦ 17′ S, 131◦ 44′ E)
which flows into the Van Diemen Gulf, approximately 100 km east of
Darwin, in the wet–dry tropical region of the Northern Territory (NT),
Australia (Fig. 1). The Mary River has a macro-tidal estuary, partly
draining through Sampan and Tommycut Creeks at the coast, up to the
limit of tidal influence at Shady Camp (12◦ 29′ 05′′ S, 131◦ 42′ 27′′ E),
where an artificial barrage (overlying a natural rock bar) limits the
headward expansion of the estuary into the freshwater wetland above
(Woodroffe and Mulrennan, 1993). During monsoonal periods (wet
season), the system experiences predictable periods of high flow, with
inundation of floodplains over much of the lowland areas of the catch
ment. Since the river is unusual without a discrete main channel
reaching the sea, much of the freshwater influx evaporates from the
floodplains Mulrennan and Woodroffe, 1998. In the tropical dry season,
the Mary River exists as a series of isolated main-channel waterholes
(known locally as billabongs) with limited connectivity.
Two in-channel billabongs were sampled in the study. Corroboree
Billabong (12◦ 41′ 56′′ S, 131◦ 38′ 11′′ E) is located ~50 km from the
mouth and ~25 km above the tidal limit; Bridge Billabong (12◦ 54′ 22′′
S, 131◦ 38′ 41′′ E) is a further ~23 km upstream of the estuary mouth.
These two billabongs are structurally different, with Corroboree Billa
bong lying within extensive floodplain wetlands that are inundated
annually during the wet season, and Bridge Billabong part of a con
strained riverine channel in the alluvial plain that penetrates the
catchment upland (Woodroffe and Mulrennan, 1993).
2.2. Sampling procedures
Barramundi for analysis of tissue burden of total mercury were
collected by staff from the Fisheries Division, Department of Industry,
Tourism and Trade between 2013 and 2017 from targeted research
sampling (boat electrofishing), as well as fish frames donated by
Barramundi (gill net) Fishery licensees (outside river mouth), recrea
tional fishers and charter boat skippers operating in various parts of the
Mary River estuary. Three separate environs of the Mary River were
targeted, each with differing environmental conditions and levels of
connectivity to the estuary. The four sites sampled were Bridge and
Corroboree Billabongs (representing the freshwater and seasonally
connected wetlands), the upstream side of the Shady Camp barrage (a
man-made barrier to tidal/saltwater intrusion), and Sampan Creek, a
saltwater environment that comprises the larger part (along with Tom
mycut Creek, which was not sampled) of the Mary River estuary mouth
connecting to Van Diemen Gulf.
In total, tissue samples from 310 barramundi were collected over the
three river environs (Billabongs n = 114; Barrage/Upper Estuary n =
106; Estuary Mouth n = 90) through wet and dry seasons during the
four-year study. Fresh fish (on ice) or frozen frames were transported to
the Fisheries Division laboratory and each specimen was assigned a
unique identifier. They were then measured to the nearest millimetre
(Total Length, TL) and muscle tissue (of 10–20 g) taken from the head
end of the body above the operculum, effectively at the fish’s shoulder
(following Jardine et al., 2012a). Tissue samples were transferred to
labelled sample bags and frozen at − 18 ◦ C until subsequent processing
and analysis at the Australian Institute for Marine Science (AIMS) –
Arafura Timor Research Facility laboratory. Where possible, otoliths and
livers were also removed and placed in labelled sample containers for
2
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Fig. 1. Map of the Mary River System, Northern Territory with sampling locations named. The inset depicts the Top End of the Northern Territory, Australia with the
location of the Mary River indicated by the box.

future analysis. Capture information; including TL, date of capture,
location and season were recorded in a Microsoft Access database
maintained by the Fisheries Division.

atomic absorption measurement (253.7 nm). Up to 40 samples, preweighed into nickel boats, can be processed by the auto-loader with a
sampling frequency of one per ~8 min. Operating conditions were:
sample size, 30 mg (±2.5 mg); drying time, 60 s; decomposition time,
200 s; and waiting time, 45 s.
Initial instrument calibration was achieved by using three certified
reference materials (CRMs) derived from a suite of marine seafood tissue
with low-, mid- and high-range THg concentrations, Prawn Tissue
(MX009; National Measurement Institute, Canberra, Australia), Dogfish
Tuna Tissue (DORM 4; National Research Council Canada, Ottawa,
Canada) and Northern Bluefin Tuna Tissue (BCR 463, EC Community
Bureau of Reference, Geel, Belgium), respectively (Table A 1).
Subsamples (30 mg, within 2.5 mg) were weighed precisely (±0.01
mg) into pre-baked nickel boats and then transferred to the autoloader
carousel of the AMA 254 instrument. All samples were run in duplicate,
interspersed with blanks to prevent carry-over of previously run sam
ples. Quality control protocols included drift calibrations at the start of
each run (analysis of duplicate low- and high-range CRMs), and every 12
samples, to verify system performance. Only duplicate samples with a
relative standard error (RSE) of <10% were accepted (97.5% of samples
had RSE of <5%; mean RSE over 300 samples was 1.07%), where CRMs
had greater than 10% variance from expected values, all samples in that
run were re-analysed. The control and analytical software of the THg
analyser was used unaltered to make measurements and quantify the
results (via peak area). The limit of quantitation (10 × S.D. of blank) was
equivalent to 10.5 μg Hg/kg, and the precision was 1.7% (coefficient of
variation, n = 10) at 423 μg/kg, THg wet weight for a barramundi
substandard (long-term mean: 429 μg/kg). Analytical accuracy was
estimated at ≤7% by separate analysis of NIST Standard Reference
Material 2976 (Trace Elements and Methylmercury in Mussel Tissue).

2.3. Sample storage and pre-treatment
Non-contaminating protocols for trace metals were employed at all
stages of processing and analysis. Each tissue sample was thawed and
divided into multiple subsamples of ~1.5 g, using ceramic blades and
polypropylene cutting boards cleaned before and after use with 70%
ethanol and rinsed with ultrapure water (Puris Mirae ST). Where
possible, subsamples for total Hg determination were taken from the
centre of the sample with the surface of each fillet avoided. Subsampled
portions were transferred into labelled 2-mL polypropylene vials
(Corning 430488, sterile, non-pyrogenic – used as supplied), with
weights for container and samples recorded (to nearest 0.01 mg), and
frozen at − 20 ◦ C for a minimum of 24 h.
Subsamples were then freeze-dried (Christ Alpha 1–4 LSC plus/
LyoCube 4–8) in the same containers for 26 h. After which, each
container was reweighed to determine moisture loss on drying, consis
tently this was 77–81%. Subsequent storage of the ~300 mg of dried
tissue was in a room-temperature dry cabinet (Labec, eDry M-DYC-116)
set to 20% relative humidity; as were stored certified reference
materials.
Dried samples were ground into a homogenous, fine powder in a
Mixer Mill (Retsch MM 400; 25 Hz for 20 min) fitted with 10-mL zir
conium oxide grinding jars and beads. Powders were returned to their
original vial and back to the dry cabinet until analysis. Grinding jars and
beads were individually cleaned with 70% ethanol and rinsed with ul
trapure water and allowed to dry between each set of samples.

2.4.2. Stable isotope ratios (12C/13C and 14N/15N)
Tissue samples for analysis of stable isotopes of carbon and nitrogen
were drawn from the same set of subsamples, freeze dried and ground
for THg, described above. Isotopic compositions (δ13C and δ15N) were
determined with a stable isotope ratio mass spectrometer (Delta V
Advantage; Thermo Fisher Scientific, Scoresby, Australia), operating in
continuous-flow coupled to an elemental analyser (FlashEA 1112 HT O/
H–N/C), which is in turn connected to the mass spectrometer via an

2.4. Analyses
2.4.1. Total mercury
The method to analyse fish tissue for total Hg (THg) concentration
links the following automated sequence in a single instrument (AMA 254
Total Mercury Analyser; LECO Australia Pty Ltd, Castle Hill, Australia):
drying (180 ◦ C) oxidative combustion and decomposition (550 ◦ C), gold
amalgamation (subsequent release of Hg0 at ~900 ◦ C) and detection via
3
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intelligent interface (Finnigan ConFlo III).
Tissue subsamples (~7 mg within 0.5 mg, weighed precisely to ±
0.001 mg) were analysed in duplicate. Isotopic ratios for C and N were
calculated using the standard δ notation:

Hastie et al., 2009). All BRT models were fitted using the gbm package
(Greenwell et al., 2020) within the R statistical and graphical environ
ment (R Core Team, 2019). The BRT model included an ensemble of 100,
000 trees, each fitted with a 50% bag fraction to an interaction depth of
5 and shrinkage of 0.01. The optimum number of trees to retain (to avoid
over-fitting) was assessed via Out-of-Bag performance measures. The
partial effects of each covariate, conditional on location, as well as the
relative influence of each covariate were extracted from the optimum
number of trees. In order to estimate confidence intervals for the partial
effects and relative influence, the process was bootstrapped 100 times
and, on each occasion, the data were sampled with replacement to
introduce stochasticity.

δ13C, δ15N = (Rsample / Rreference – 1) × 1000 (‰)
where R = 13C/12C and 15N/14N for carbon and nitrogen, respectively.
Acetanilide was used as a working standard for C and N, calibrated
against the international standards listed in Table A 2. The analytical
precision for the measurement was 0.2 per mil (‰) for both δ13C and
δ15N. Measured C:N ratios of 2.6–3.0 suggest negligible lipid content in
muscle samples, and no requirement to correct δ13C for lipid bias (Post
et al., 2007; Logan et al., 2008).

3. Results

2.4.3. Otolith analysis
Sagittal otoliths from each of 34 barramundi (TL ≥ 500 mm, and all
but six fish in the sample subset with TL ≥ 750 mm) collected from the
Mary River were embedded in two-part epoxy resin (EpoFix; Struers,
Ballerup, Denmark) and transversely sectioned through the primordium
to a thickness of ~300 μm using a low-speed saw. Sections were then
polished using a series of graded lapping films, rinsed in deionised
water, air dried and fixed to glass slides using resin. Sr isotope analysis
was conducted on each otolith section using a laser-ablation, multicollector, inductively coupled plasma mass spectrometer (LA-MCICPMS) following the methods of Woodhead et al. (2005). The Nu
Plasma MC-ICPMS (Nu Instruments, Wrexham, UK) was coupled to an
Australian Scientific Instruments RESOlution laser ablation system with
a Laurin Technic (Canberra, ACT, Australia) ablation cell constructed
around a COMPex 110 excimer laser (Lambda Physik, Gottingen, Ger
many) operating at a wavelength of 193 nm (see Crook et al., 2016 for
analytical details). A pre-ablation transect was performed prior to
analysis to remove any contaminants from the otolith surface. Next,
87
Sr/86Sr ratios were measured from the otolith core, following the axis
of growth to the proximal edge using a 40-μm laser spot. Otolith
87
Sr/86Sr data were then examined alongside an 87Sr/86Sr salinity
mixing model previously developed for waters of the Mary River (Crook
et al., 2016). 87Sr/86Sr values (>0.723) corresponding to salinities <1
were considered to represent residency within freshwater habitats,
whereas 87Sr/86Sr values corresponding to higher salinities were
assumed to represent residency in estuarine or coastal habitats. Cor
rections for Kr and 87Rb interferences were made following Woodhead
et al. (2005) and mass bias was corrected by reference to a 86Sr/88Sr
ratio of 0.1194. The data were processed using Iolite, ver. 3.32, which
operates within IGOR, Pro Version 6.2.2.2 (WaveMetrics, Inc., Lake
Oswego, OR, USA), with corrections for potential Ca argide/dimer and
Rb interferences and instrumental mass bias. All results were normalised
to a 87Sr/86Sr isotope ratio of 0.70916 for a modern marine carbonate
standard run concurrently and known from solution ICP-MS analyses to
have a modern seawater composition (McArthur et al., 2012).
Following 87Sr/86Sr analysis, sectioned otoliths were viewed under a
dissecting microscope using reflected light, photographed, and the dis
tances between annuli (pairs of translucent and opaque zones corre
sponding to wet- and dry-season growth, respectively) were measured
(μm) using image analysis software (Leica Application Suite, v.4.2).
Measurements were taken along the laser-ablated transects, allowing us
to estimate the ambient salinity experienced during each year of life
throughout the entire life history (see Crook et al., 2016). The decimal
age was estimated for each fish assuming October 1st birth date (Stuart
and McKillup, 2002).

3.1. Size and location
Determination of total mercury (THg) concentration in muscle tissue
of barramundi versus total length (TL), across all years and locations
showed a significant positive relationship (Fig. 2). Across the range of
fish sizes, fish collected from freshwater generally had higher THg
concentrations than estuarine and coastal fish, and the regression be
tween THg and TL explained much more of the total variance (R2 =
0.5409; df = 113, p < 0.001) than the full sample. The regression of THg
concentration against age for a further subset of samples with available
age information (n = 142, not shown), over all zones of the river, was
significant but much weaker than for TL (R2 = 0.0824, df = 141, p <
0.001).
3.2. Stable isotopes – trophic level and nutrition
The biplot of δ13C and δ15N graded by TL (Fig. 3a) reveals the growth
patterns of barramundi—collected from fresh and marine waters.
Barramundi collected from freshwater had δ13C values of − 28.6 to
− 22.1‰, reflecting a skew toward riverine/wetland (typically − 30‰,
under the influence of C3 plants) as opposed to marine (typically − 15‰)
carbon sources. Juvenile fish (up to one year old, <400 mm TL) fell
within the same δ13C range as larger specimens from the freshwater
billabongs; the latter are resolved by heavier δ15N values consistent with
ontogenetic migration into freshwater and trophic progression up the

Fig. 2. Linear regression of total mercury (THg) in barramundi muscle tissue
versus total length of fish (○) captured in the Mary River system. Fish collected
from freshwater habitats (billabongs, ●) adjacent to the floodplain of lower
reaches of the Mary River. Trend lines: freshwater barramundi (——, n = 114);
all fish, fresh and marine (– – –, n = 300). The FSANZ (2004) guideline for
mercury in barramundi is 1.0 mg/kg (≡ 1000 μg/kg) wet weight, but ten larger
fish were above the general seafood guideline of 0.5 mg/kg (≡ 500 μg/kg)
wet weight.

2.4.4. Statistical methods
Primary statistical tests (e.g. regression, Pearson’s correlation,
ANOVA and t-tests) were performed in Microsoft Excel 2007). Ecological
drivers of mercury levels in barramundi were explored using gradient
boosted regression tree (BRT) models (De’ath, 2007; Elith et al., 2008;
4
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Fig. 4. The relationship between log [total mercury] and the isotopic compo
sition of nitrogen (δ15N) of barramundi muscle tissue in the Mary River system.
Fish taken from freshwater habitats (●), including juveniles from Shady Camp
(delineated by δ15N < 9.8‰), included in the regression analysis. The corre
sponding trend line is shown with equation details. Fish captured from salt
water habitats (○), along with larger specimens from Shady Camp. An
anomalous saltwater fish discussed in the text is arrowed.

month, season [wet or dry], year, muscle C:N, δ13C and δ15N) obtained
for the study of mercury bioaccumulation in barramundi were incor
porated to the BRT modelling, with no presumption as to relevance.
Preliminary analyses revealed that data were normally distributed, apart
from TL and C:N that required logarithmic transformation. Fish
collected from the mouth of the river at Sampan Creek had similar
length (TL) distributions among years, but there was considerable interannual variation in the length distributions of fish collected from the
upriver locations.
From BRT partial effects plots (Fig. 5), δ15N (relative influence
33.7%) was found to be the best explanatory variable for barramundi
mercury levels, followed in order by location (23.5%), and to a lesser
degree δ13C and TL (15.8% and 12.8%, respectively; Fig. 5j). An increase
in δ15N beyond 8‰ was associated with a steep increase in THg con
centrations in freshwater environments (Fig. 5a). Mercury levels in
barramundi from Bridge Billabong and Corroboree Billabong were
approximately double those of fish from Shady Camp and Sampan Creek
(Fig. 5b). THg concentrations declined with increasing δ13C, covering
the transition from fresh to marine waters (Fig. 5c). A slight peak in THg
levels was apparent around δ13C at − 25‰. The two freshwater locations
were differentiated by δ13C, with Corroboree Billabong ≤24.9‰ and
Bridge Billabong − 24.0 to − 22.1‰. There was a stepwise increase in
THg concentrations for barramundi > ~750 mm TL, irrespective of
location, although fish from saline environments started from a much
lower base level of mercury (Fig. 5d). Temporal trends (month, season
and year of capture) and C:N ratio were considered non-significant (i.e.
≪12.5% by chance, Fig. 5e–j) factors in mercury bioaccumulation in
barramundi.

Fig. 3. Biplot of isotopic compositions of carbon (δ13C) and nitrogen (δ15N) in
barramundi muscle tissue from the Mary River system, graded by a) total length
and b) total mercury concentration (scaling of symbol diameters given in lower
right corner of each). Symbols with the blue cast and orange cast, in the upper
and lower respectively, are fish taken from freshwater habitats (billabongs) in
the floodplain of lower reaches of the river. An anomalous saltwater fish dis
cussed in the text is arrowed. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

food chain. The ratio 15N/14N can be used judiciously to estimate the
trophic level of a consumer. Although we do not have δ15N values for a
primary consumer to be able to directly enumerate the higher trophic
levels of barramundi in the Mary River system, a span of ~7.5–12‰
(Fig. 3a) suggests a spread at least of one trophic level in the population
sampled (Bunn et al., 2013).
The fish with greater muscle THg concentrations were almost
without exception consuming riverine/wetland carbon (Fig. 3b, orange
cast). They were also higher-order predators at the upper end of the
observed δ15N range, but not exclusively so; others in the lower estuary
and around the mouth of the Mary River (Sampan Creek; grey fill) were
comparably enriched in 15N and higher, but they were characteristically
low in THg concentrations and drawing on marine carbon pools. Plot
ting THg against δ15N for billabong barramundi combined with juve
niles from Shady Camp (delineated by δ15N < 9.8‰, which encompasses
predominantly fish with TL < 400 mm – see Fig. 3a) gives a tight loglinear correlation (log [THg] = 0.4222 δ15N (‰) – 1.7645; R2 =
0.7161, df = 161, p < 0.001 – Fig. 4). In contrast, there was a weak
inverse relation between THg and δ15N for saltwater barramundi of
Sampan Creek (quadratic regression, R2 = 0.2139, df = 82, p < 0.001),
with the single outlier of Fig. 3b omitted.

3.4. Otolith chronologies
For 34 large barramundi chosen for detailed evaluation of life his
tory, from all study regions of the Mary River, little of the variance in
THg was explained by TL (R2 = 0.1130, df = 33, p ≈ 0.05) or age (R2 =
0.1588, df = 33, p < 0.05). Evaluating the fraction of the 87Sr/86Sr
otolith trace above the freshwater threshold ratio (i.e. 87Sr/86Sr >
0.723) yielded the percentage of the fish life history spent in freshwater
(i.e. %FW). Plotting THg against %FW (Fig. 6) explained a much higher
proportion of the variance (R2 = 0.5100. df = 33, p < 0.001) than with
TL (see earlier).
We investigated the characteristics of individual barramundi on their
bioaccumulation of mercury by constraining habitat (i.e. saline vs fresh),

3.3. Environmental variation and mercury
Environmental and physiological parameters (total length, location,
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Fig. 5. Partial effects plots (a–h) based on 100
bootstrapped, Gradient Boosted Regression Tree
models for muscle-tissue mercury concentrations
(THg, μg/kg) in Mary River barramundi. Locations
are colour graded as indicated with 95% confidence
bands: Brdg = Bridge Billabong; Crrb = Corroboree
Billabong; ShdC = Shady Camp; Smpn = Sampan
Creek. The vertical dashed line in the Relative Influ
ence plot (j) indicates a threshold above which its
significance is considered greater than random noise.
Hence, grey symbols and 95% confidence bands
represent predictors considered below the threshold
of importance and black symbols and confidence
band represent those above the threshold. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

age and time of capture, while comparing otolith chronologies. Five
barramundi were taken on the same day (August 21, 2014, late dry
season) from Bridge Billabong, immediately upstream of the freshwater
wetlands (Table 1, Fig. 7). Each fish moved into freshwater during its
first year and did not return to saltwater. Their ages varied from 4+ to
6+ y, but TL, %FW, and δ13C and δ15N of muscle tissue all fell within
narrow ranges irrespective of the spread in age. No relation for any of
these variables was obvious with THg concentration in muscle.
As a contrast, four barramundi that lived a fully or overwhelmingly
saltwater existence were chosen (Table 2, Fig. 8). They were captured on
February 18, 2015 (wet season) in Sampan Creek at the Mary River
mouth. These fish were slightly older (5+ to 7+ y) than their freshwater
counterparts but came from the same year classes. Three of these salt
water barramundi had very similar attributes (TL, δ13C and δ15N) and
their residence time in freshwater was below 10%. Their muscle THg
concentrations were also uniformly low at 103–116 μg/kg. A slightly
older and larger fish (MRSAM004) was markedly different with muscle
THg concentration almost double at 198 μg/kg. This fish resided in
freshwater until its second year (%FW = 18; Fig. 8c), but at capture at
7.3 y, the δ13C signature of muscle tissue had a heavier ratio, conforming
to that of the other saltwater barramundi (Table 2).
The three oldest fish (>9 y) for the complete Mary River data set are

included in a small group of exceptional barramundi, which exemplify
the diversity in life history and THg concentrations (Table 3; corre
sponding otolith 87Sr/86Sr traces are included in supplementary mate
rial, Fig. A 1). Barramundi LC2013157 was the second oldest and largest
fish in the sample; after migrating to freshwater early in life, it lived an
entirely freshwater existence and accumulated the second highest THg
concentration in muscle tissue of all fish. The other two older fish
—LC2016436 and MRSAM020—were collected from the estuary mouth
near Sampan Creek. The former inhabited marine waters throughout its
life and grew to be the second largest fish of the study; it accumulated
more than twice the THg concentration of the maximum observed
routinely in marine barramundi (~200 μg/kg; Fig. 2) and is distin
guished by the highest δ15N value (12.3‰, outlier in Fig. 3b) of all fish.
The latter was the oldest fish; early in its life (age 2–4 y) it ventured
upstream into fresh waters, but was then strongly marine with typical
THg concentration for that domain and only δ13C (− 19.6‰) suggested
any hint of its past riverine nutrition.
Other barramundi included in Table 3 illustrate differences in age, C
and N isotopes and percent freshwater residence that are not coherently
reflected in THg concentration of their muscle tissue. If the mercury
accumulation rate is considered simply as accumulated THg concen
tration averaged per year for the aged subset of fish in the study (146 out
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and McMichael, 2007; Branco et al., 2007; Pethybridge et al., 2010;
Barbosa et al., 2011; Houssard et al., 2019). Our results indicate that
body size for barramundi was a poor predictor for total mercury in
muscle, and that life history variation was more influential in modu
lating THg concentrations.
Earlier regional reports of mercury in barramundi, Lates calcarifer,
found significant correlations of THg concentrations with length for fish
inhabiting polluted waterways (Lake Murray, Papua New Guinea –
Bowles et al., 2001; Port Curtis, Queensland – Jones et al., 2005).
However, in the Flinders and Mitchell Rivers of North Queensland
draining mainly undeveloped catchments with grazing leases (the latter
has past and current alluvial gold mining on a few of its upper tribu
taries), THg concentrations and total length (TL) in barramundi were
only weakly correlated (Jardine et al., 2012a). These two rivers are
broadly similar to the Mary River with mostly tropical savannah
catchments and extensive coastal floodplains and wetlands. We also
found a weak correlation between muscle THg concentrations and TL
(R2 = 0.2034) for the complete Mary River data set; it was uncoupled by
the movement records of individual barramundi within the migratory
contingents. Unlike previous studies which did not discern individual
life histories, our study revealed that fish which had migrated to fresh
water habitats had a greater propensity to bioaccumulate mercury and
had stronger relationships between mercury concentrations and body
size (i.e. TL) than fish which remained in the marine environment.
Ontogenetic dietary shifts of barramundi in rivers of the Van Diemen
Gulf have been noted for fish of 300–400 mm TL (Davis, 1985). Juve
niles (<300 mm) have a diet dominated by macrocrustaceans (prawns
and crabs), while adults (>400 mm) consume mostly fish with a lesser
proportion of macrocrustaceans. Davis (1985) found from stomach
contents that only large barramundi (>600 mm TL) consumed fishes in
families Clupeidae (herrings – e.g. bony bream), Mugilidae (mullets) and
Ariidae (catfish). Our results (Fig. 5d) suggest that the TL transition
300–400 mm (juvenile to adult) is not marked by prey appreciably
different in mercury content, but for larger barramundi (>600 mm) an
increase in muscle THg is observed. It is more pronounced for TL
700–800 mm, perhaps as they can consume larger specimens of bony
bream, mullet and catfish that themselves have a larger mercury burden.
The difference in muscle THg concentration between freshwater and
marine barramundi is established early (Figs. 2 and 5d), certainly by the
stage that they reach 300 mm TL. The observation by Davis (1985) that
the diet for 200–400-mm juveniles in freshwater (non-tidal) was ~50%
fish compared with only ~14% fish for those resident in saltwater (tidal)
could explain the early divergence of mercury burden for the two
migratory contingents. For adults (>400 mm TL), the dietary composi
tion for both habitats was very similar—63:34 and 60:36 (% fish:crus
taceans) for freshwater and saltwater, respectively (Davis, 1985).
The distinction between freshwater and marine barramundi in the
Mary River system is clear cut for the fish that had otolith micro
chemistry data (Fig. 6), and is also obvious in the relations between THg
concentrations and δ15N—both the log-linear relation (Fig. 4) and the
partial plot of the BRT model (Fig. 5a). The former plot reveals a strong
direct correlation for juvenile to adult fish in freshwaters, but no such
relation for saltwater fish. Indeed, there is evidence that THg concen
trations may have declined slightly with increasing δ15N in the saltwater
fish. Our data suggest that marine barramundi at the Mary River mouth
consume prey with lower mercury content, and possibly, that they are
more capable of eliminating mercury. Growth dilution of THg uptake
(Wang, 2012) is not a plausible explanation for fish in marine reaches,
because their growth rate was less than billabong fish (Roberts et al.,
2019; and via von Bertalanffy curves – not shown).
It is inferred that where bioavailable mercury (i.e. methylated mer
cury) is enriched in prey, either from proximate pollution or indirect
sources, barramundi take up the heavy metal readily. Previous reports of
mercury bioaccumulation and trophic level (via δ15N) for barramundi
have noted a significant association between the two for mercurycontaminated waterways—fresh (Bowles et al., 2001) or marine

Fig. 6. The relation of total mercury (THg) in barramundi muscle tissue with
percentage of life history resident in freshwater for 34 fish with an otolith
chronology from the Mary River system, graded by age (scaling of bubble
diameter in lower right corner in years). Those to the left in the panel were
barramundi inhabiting Sampan Creek and neighbouring saltwaters, while those
to the right were in the freshwater billabongs and wetlands.
Table 1
Attributes of barramundi captured in Bridge Billabong on August 21, 2014 for
evaluation of otolith chronologies via 87Sr/86Sr transect (Fig. 7).
Fish

Age (y)

TL (cm)

%
FW

THg (μg/
kg)

δ13C (‰)

MRBB001
MRBB002
MRBB003
MRBB004
MRBB006

4.8
5.8
5.8
6.8
4.8

560
630
590
585
555

81.1
82.1
86.2
77.4
92.5

424
278
295
421
375

−
−
−
−
−

24.2
22.7
22.1
23.0
24.0

δ15N (‰)
10.4
10.4
10.1
10.3
10.5

TL: total length; %FW: percentage of lifespan resident in freshwater; THg: total
mercury concentration (muscle). Decimal age estimated by method of Stuart and
McKillup (2002).

of 310), the spread is very wide from 9.3 to 204 μg/kg/y (44–204 μg/kg/
y in the two freshwater billabongs). MRBB007 at 199 μg/kg/y is the
highest but one, although it had only spent a quarter of its short life in
freshwater. In contrast, LC2014026 (an entirely marine resident with
the second highest δ15N of all fish in the study) is in the lowest 5% at
13.4 μg/kg/y. Barramundi LC2016093 had the highest muscle THg
concentration of this study at 759 μg/kg, and although it was strongly
freshwater in both residence and carbon source (via δ13C), δ15N was
only at 80th percentile and THg accumulation rate was mid-range at
102 μg/kg/y.
Despite the value of anomalies in THg muscle tissue concentrations
among small cohorts or individual barramundi in revealing nuances of
life history and diet (to be discussed further in the next section), the
overriding predictor of mercury bioaccumulation at the population level
is prolonged residency in freshwater over floodplains of the Mary River.
This primary factor is modified coincidentally by δ15N (trophic level),
δ13C (source of nutrition) and total length.
4. Discussion
4.1. Factors affecting mercury uptake
Mercury bioaccumulation—predominantly as methylated forms—in
muscle tissue of omnivorous and piscivorous fish, whether freshwater or
marine species, is generally correlated with body size (length or mass)
and less tightly with age. It can be influenced by habitat/location, diet
and trophic level, metabolic rate, and where they apply—oceanography,
seasonality and sex (MacCrimmon et al., 1983; Grieb et al., 1990; Adams
7

E.C.V. Butler et al.

Environmental Research 212 (2022) 113152

Fig. 7. Otolith chronologies (87Sr/86Sr trace) of five barramundi captured in Bridge Billabong on August 21, 2014. Age independently determined with each year
delineated by otolith annuli via light microscopy (black diamonds). The line of year markers (at 87Sr/86Sr = 0.723) signify the boundary between saltwater (below)
and freshwater (above) habitats in the Mary River. Individual fish TL and THg concentration are given in the top left and top right, respectively, of each panel.
Common axis labels are shown in Panel e).

more marine examples from the Flinders River, the THg – δ15N associ
ation may not have been evident because of the small sample numbers
(especially for <20% marine feeding) and their capture in the lower
reaches of the river, possibly disconnected from floodplain/wetland
production.
The two other significant predictors of mercury burden in barra
mundi from statistical (BRT) modelling after trophic level (depicted by
δ15N) and total length are location and δ13C. They are intertwined:
location (point of capture) is a broad indication of habitat domain and
δ13C is an indication of the nutrition drawn from the habitat ecosystem
integrated over time (constrained by tissue turnover). The two fresh
water billabongs of this study—Bridge and Corroboree—were chosen
among other factors because they are water bodies in which barramundi
can be sampled year-round. The billabongs in the coastal floodplain
rivers of northern Australia’s wet-dry tropics are dry-season refuges for
barramundi and other freshwater fish (Erskine et al., 2005; Crook et al.,
2020). With the onset of the wet season, barramundi leave the dry
season refugia to forage widely over newly inundated and highly pro
ductive floodplains seeking out productive zones (delineated in Crook
et al. (2020) study by periphyton production >10 g/m2), before
returning to their billabong habitats as the wet-season flows recede.

Table 2
Attributes of barramundi captured in Sampan Creek on February 18, 2015 for
evaluation of otolith chronologies via 87Sr/86Sr transect (Fig. 8).
Fish

Age
(y)

TL
(cm)

%
FW

THg (μg/
kg)

δ13C
(‰)

MRSAM001
MRSAM002
MRSAM004
MRSAM005

5.3
6.3
7.3
5.3

700
700
810
760

0.0
4.1
18.1
8.0

103
106
198
116

−
−
−
−

18.9
17.7
19.9
19.9

δ15N
(‰)
10.5
11.2
10.7
10.8

TL: total length; %FW: percentage of lifespan resident in freshwater; THg: total
mercury concentration (muscle). Decimal age estimated by method of Stuart and
McKillup (2002).

(Jones et al., 2005, presented in Jardine et al., 2012a). In contrast,
Jardine et al. (2012a) stated that δ15N was not significant in their
multiple regression model for determining mercury in barramundi, and
little evidence existed to suggest that the food webs of the Flinders and
Mitchell Rivers significantly biomagnify THg to barramundi at higher
trophic levels. This is consistent with our observations for marine fish,
but sampling from the Mitchell River also included barramundi at <50%
marine feeding. Although they had higher THg concentrations than the
8
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Fig. 8. Otolith chronologies (87Sr/86Sr trace) of four barramundi captured in Sampan Creek on February 18, 2015. Age independently determined with each year
delineated by otolith annuli via light microscopy (black diamonds). The line of year markers (at 87Sr/86Sr = 0.723) signify the boundary between saltwater (below)
and freshwater (above) habitats in the Mary River. Individual fish TL and THg concentration are given in the top left and top right, respectively, of each panel. Axis
labels are common to all panels.

allochthony on floodplains and the neighbouring savanna (Jardine et al.,
2017). Periphyton is an important resource at the base of river food webs
in the wet-dry tropics, both in billabongs and on the floodplain (Jardine
et al., 2013; Bunn et al., 2015), and particularly epiphytes on macro
phytes that provide a primary production surge in the wet season. On
horizontal floating macrophytes (e.g. water lilies), they can amount to
13% of floodplain production (Adame et al., 2017), behind only mac
rophytes themselves and floodplain trees, neither of which appear to
feature as strongly in the diets of aquatic animals.
Studies in tropical and subtropical lentic waters outside Australia
have shown that macrophyte-associated periphyton is an important
matrix both in the accumulation of mercury (via entrapment of partic
ulates) and in methylmercury production (Coelho-Souza et al., 2011). It
was found to have greater potential to methylate mercury than fresh
water sediments (Cleckner et al., 1999; Mauro et al., 2002); sulfate
reducing bacteria and methanogenic Archaea were the agents (Lázaro
et al., 2018). Floodplain soils, with a cycle of inundation and drying
coupled with a rich supply of organic carbon, have greater potential to
produce a background of methylmercury (MeHg) than sediments in the
middle of a perennial floodplain lake (Roulet et al., 2001) or the main
channel of the river. The cycle of flooding and drying within riparian
zones (including here the foreshore or fringes of lakes, wetlands, res
ervoirs, or other water bodies) is also known more universally, beyond
the tropics at higher latitudes, to favour methylation and bioavailability
of mercury (Munthe et al., 2007; Wasik et al., 2015). Mercury in
periphyton, too, has been identified as a general indicator of mercury
bioaccumulation in fish and other aquatic animals at higher trophic
levels (Žižek et al., 2011).
Barramundi captured in the billabongs of the Mary River had a δ13C
range of − 28.6 to − 22.1‰. This encompasses that of the periphyton and
macrophyte end members (δ13C − 27.7 ± 2.7 and − 27.2 ± 4.1‰,
respectively) in ‘waterholes’, i.e. billabongs and other enduring water
bodies, and small fish (<200 mm, δ13C − 23.4 ± 1.4‰) collected from
floodplains of the Alligator Rivers (Jardine et al., 2017). Floodplain

Table 3
Attributes of exceptional barramundi captured in the Mary River system. Cor
responding otolith records are found in Fig. A 1 (Supplementary Material).
Fish

Age
(y)

TL
(cm)

%
FW

THg
(μg/kg)

δ13C
(‰)

δ15N
(‰)

MRSAM020 (SC,
Apr 2015)
LC2013157 (BB,
Aug 2013)
LC2016436 (SC,
Nov 2016)
LC2016093 (CB,
Apr 2016)
LC2016198 (SC,
May 2016)
LC2014026 (SB, Sep
2014)
MRBB007 (BB, Apr
2015)

10.4

745

21.7

211

− 19.6

11.0

9.8

970

98.1

752

− 24.2

11.0

9.1

900

0.0

444

− 15.8

12.3

7.5

875

95.0

759

− 25.3

10.6

5.5

795

0.0

295

− 21.6

9.5

4.8

715

6.2

65

− 17.4

11.9

2.4

675

24.8

480

− 24.2

10.4

TL: total length; %FW: percentage of lifespan resident in freshwater; THg: total
mercury concentration (muscle); Location caught: BB – Bridge Billabong, CB –
Corroboree Billabong, SB – Shady Camp (above barrage), SC – Sampan Creek.
Decimal age estimated by method of Stuart and McKillup (2002).

4.2. Trophic pathways for mercury to barramundi
The floodplains of Australia’s wet-dry topics are rich resources for
both autochthonous and allochthonous production (Pettit et al., 2017),
i.e. that which originates from within the floodplains and external to
them. The neighbouring Alligator Rivers—their floodplains and food
webs—just to the east of the Mary River catchment and also discharging
into the Van Diemen Gulf have been well studied and are valuable
system analogues for our present study. Larger animals (e.g. barramundi
and crocodiles), averaged over seven waterholes in the Alligator Rivers
Region as the reference locations, gained much of their nutrition from
9
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periphyton—i.e. beyond the waterholes—in the Magela Creek, a tribu
tary of the East Alligator River, were measured in two separate years
with δ13C at − 22.9 ± 0.4 and − 24.4 ± 0.7‰, which is 13C-enriched
relative to dry-season, in-channel periphyton (Jardine et al., 2012b,
citing S.E. Bunn, unpublished data). Our modelling suggested that peak
THg concentration in billabong fish of the Mary River coincided with
approximately δ13C − 25‰ (Fig. 5c). Even barramundi collected from
saltwater that extended to similar lighter δ13C values had marginally
elevated THg concentration relative to the bulk of their population,
possibly reflecting that they were taking prey that had migrated down
from floodplains, or that they themselves had spent some time foraging
over inundated floodplains.
In a comprehensive study of mercury in a barramundi food web—in
the contaminated Lake Murray—Bowles et al. (2001) found that the
greatest biomagnification was between lakewater and seston (collected
by a tow with 63-mm mesh plankton net). They estimated a mean factor
of 2.3 × 105 for the bioaccumulated form MeHg (with insufficient
sample to determine THg). Although they analysed lily pads, aquatic
ferns and macroalgae, which were all found to be insignificant mercury
accumulators, they did not analyse periphyton. Further bio
magnification in the Lake Murray food web to barramundi (seston (both
phyto-and zoo-plankton) – planktivore (Clupeidae) – omnivores (Arii
dae, Toxotidae) – piscivores (e.g. Latidae)) spanned a factor of only ~30.
If we assume δ15N for periphyton of the Alligator Rivers (3.9 ± 1.7‰,
Jardine et al., 2017) applies locally to the Van Diemen Gulf rivers and
use the diet–tissue fractionation of δ15N favoured for the food chain
algae to predatory fish (2–3 trophic steps) in Australia/Papua New
Guinea (5.7 ± 1.6‰; Bunn et al., 2013), barramundi would have a δ15N
of 9.6 ± 3.3‰. This value agrees well for barramundi of the Mary River
billabongs that had a mean δ15N of 9.8 ± 0.6‰ (n = 96). The food chains
of tropical rivers and wetlands are typically short (Douglas et al., 2005);
nevertheless, the biomagnification of mercury can be significant. Hot
spots of primary productivity not only align with periphyton on the
floodplains (Bunn et al., 2015; Crook et al., 2020), but they are also most
probably the sites of the first and most significant step in the bio
magnification of mercury for the rivers feeding into Van Diemen Gulf,
and around the coast of tropical Australia. A recent study in the Florida
Everglades has provided more insights into the role of periphyton as the
first step in the biomagnification of mercury in tropical wetlands (Xiang
et al., 2021).
The intricacies of the movement of mercury through coastal food
webs of northern Australia, including confirmation of periphyton as a
fundamental component, and the identification of the metal’s sources
await further studies. These would include determination of bioavail
able mercury (i.e. methylated species, MeHg) in the environment and at
all trophic levels for aquatic biota, as well as the use of mercury isotopes
to pinpoint its origins (Tsui et al., 2020). The interaction of mercury with
other chemical elements (especially carbon (as organic C), sulfur, sele
nium, and possibly other metals) in the wetland environments also
needs to be elaborated, because such interactions can affect both the
biomethylation of mercury and its propensity for bioaccumulation.

across tropical Australia and beyond. It could be accentuated in the
Mary River system by the seasonal extent of freshwater wetlands, rela
tive to the size of the river and its catchment, and the occasional
impediment of the Shady Camp barrage upon connectivity between the
floodplains and the mouth in poor wet seasons.
Even accounting for ecological factors on mercury bioaccumulation
in barramundi—habitat, sources of nutrition, temporal factors, etc.—
still leaves considerable variability unexplained at the population level
and especially down to individual fish. The variability is manifest in
floodplain barramundi; it is seen in the five adult fish caught in Bridge
Billabong on the same dry-season day (Table 1) that had a tight range in
freshwater residence (%FW) and other properties (TL, δ13C, δ15N).
Otolith chronologies (Fig. 7) were also similar, apart from MRBB002
that for its first two years in freshwater had an 87Sr/86Sr ratio only
marginally above 0.723 (suggesting possible residence in Shady Camp
Billabong). In contrast, THg concentration was widely spread: 278–424
μg/kg for the five barramundi.
Mercury uptake rate across the floodplain population (TL > 400 mm)
can be coarsely assessed against age and proxies for growth (e.g. TL). For
the former, the THg uptake rate in muscle spanned a factor of about five.
While the latter (seen in Fig. 2, filled circles) spanned a factor of about
six. These widely varying rates of bioaccumulation suggest that diet is a
key factor—both quantity and type. With barramundi of the same year
class and very similar TL, variability of mercury concentration and
speciation in dietary items is most likely to drive divergence in muscletissue THg concentration.
In a recent analysis of dietary specialisation, which included a study
of freshwater fish in the Mitchell River (North Queensland), barramundi
among conspecifics were found to be the least specialised and closest to
a generalist when compared with catfish (Neoarius graeffei) and gizzard
shad (Nematalosa come) (Bond et al., 2016). Their study defined a
relative index of specialisation (RIS) via multi-tissue, stable-isotope
(δ13C) analyses combined with simulation modelling to partition be
tween within-individual component (WIC) and between-individual
component (BIC): RIS = BIC/WIC. Conceivably, individuals with
similar stable-isotope values may differ in their diet, which is distin
guished still by THg levels. It is possible that floodplain barramundi high
in mercury may adopt a lifestyle that has prey high in mercury (and
possibly in proportion of methylated mercury) because of one or more of
the following factors: i) individual preference for, ii) individual aptitude
in capturing, or iii) sub-habitat abundance of, such prey. Another factor
could be individual variation in metabolic rates (Norin and Metcalfe,
2019) contributing to variable kinetics of mercury incorporation and
processing.
In contrast to freshwater residents, mercury bioaccumulation in
saltwater barramundi was minimal. It is presumed that marine prey in
the Mary River estuary and neighbouring coastal waters is universally
low in mercury. In fact, muscle THg concentration appeared to have a
weakly inverse relation with δ15N in these barramundi. With an
apparent maximum THg concentration of ~200 μg/kg in the saltwater
population consuming marine prey (i.e. muscle δ13C < 19‰), it is
conceivable that their low rate of mercury uptake is similar to the rate of
its elimination. Unfortunately, otolith records covered too few in
dividuals returning to the marine environment after a period in fresh
water for evidence of decay in elevated mercury burden from
floodplains with time subsequently spent in saltwater. A further
complication is that some effectively lifelong saltwater barramundi (%
FW < 10) have a plausible terrestrial imprint (i.e. muscle δ13C < -20‰)
and THg >200 μg/kg. It is postulated that mercury can be transferred
from floodplains to coastal waters in migratory prey (e.g. Macrobrachium
shrimp, mullets, herrings, catfish). However, emphasising once more
individual variability, δ13C < -20‰ in saltwater barramundi was found
not to be a universal indicator of greater THg concentrations in muscle.
One saltwater barramundi, LC2016436, was highly anomalous. It
was categorised above (Figs. 3 and 4) as both an outlier in δ15N at 12.3‰
and THg at 444 μg/kg, but δ13C at − 15.8‰ points to a marine diet. A

4.3. Mercury bioaccumulation and individual barramundi life history
Divergence in pathways of mercury bioaccumulation for barramundi
appears to arise from early in their life history. Wet-season rainfall and
the ensuing extent of inundation of floodplains and coastal saltmarshes,
and decreased salinities in mangrove habitats, determine the annual
productivity of coastal aquatic ecosystems in tropical Australia (Nde
hedehe et al., 2020). This flows through to the initial growth of
young-of-year barramundi (Leahy and Robins, 2021) and their exposure
to mercury in freshwater and brackish habitats.
As Mary River barramundi mature, the overwhelming factor in
mercury bioaccumulation is their utilisation of habitat—fresh, brackish,
or salt water. The vulnerability to a high mercury burden from fresh
water feeding is likely to be universal for barramundi in their range
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higher than usual trophic level is indicated by the 15N enrichment and
when combined with TL 900 cm and age 9+ y suggests that this fish may
have been a cannibal, a lifestyle previously recorded in large barra
mundi of the rivers draining into the Van Diemen Gulf (Davis, 1985).
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5. Conclusions
Barramundi resident in freshwater with seasonal access to highly
productive coastal floodplains had about double the muscle-bound
mercury of saltwater residents at the mouth of the Mary River system
in northern Australia. Stable isotopes (13C/12C and 15N/14N), and
especially otolith chronology of 87Sr/86Sr, were critical to resolving fish
life histories. The mercury burden in freshwater barramundi was a direct
function of δ15N (as a proxy for trophic level); the long-term saltwater
population had total mercury concentration in muscle typically below
200 μg/kg and little or no relationship with δ15N. Our categorisation of
the seasonal floodplains as hot spots for mercury bioaccumulation is in
line with studies in other tropical floodplains (and ephemeral wetlands
at higher latitudes), but our use of a migratory fish as a mercury bioindicator provides a new perspective across the diversity of habitats in
a coastal river system from fresh to marine waters.
Considerable variability in mercury burden of freshwater barra
mundi remains unaccounted for beyond the four main predictors (δ15N,
capture location, δ13C, and length)—even for individuals captured at the
same time, of equal age, with close physical and chemical attributes, and
similar otolith records. Possible explanations include diet variability
(prey items with similar C/N isotopic signatures, but different mercury
content) and patchiness in hotspots for mercury methylation over the
floodplains.
We have shown that individual (within-population) variation in life
history of a higher-trophic-level fish can lead to markedly different
muscle burdens of mercury. Amalgamating data of mercury bio
accumulation across populations of predatory fish is fraught with risk of
misinterpretation. Overlooking variability in life history (e.g. migratory
contingents, dietary specialisation) can distort evaluation of ecological
health—that of the fish itself, consumers and the environment more
broadly. It can also mean missed opportunities to improve understand
ing of pathways of mercury transfer, uptake and bioaccumulation in
aquatic ecosystems.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2022.113152.
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