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A B S T R A C T

Demand for seafood, farmed or wild-caught, is growing globally. Consequently, seafood provenance is in-
creasingly important to regulatory bodies, market chain actors and consumers. The limitations of current seafood
provenance methods can be overcome using complementary or standalone nuclear techniques. This study fo-
cuses on determining the production method and geographic origin of Asian seabass (Lates calcarifer) using
Stable Isotope Analysis (SIA) and X-ray fluorescence (XRF) through Itrax. The data were analysed using three
different statistical methods; univariate and multivariate analysis, randomForest and LDA. The SIA model had
accuracy of 84% when distinguishing the production methods and geographic origin of the L. calcarifer. The
model using elemental analysis from the XRF returned an accuracy of 72%, and a combined SIA and elemental
model was 81% accurate in determining provenance. However, the SIA model had two incorrect predictions
compared to one incorrect prediction in the elemental model, while the combined model had no incorrectly
predicted samples. The results of this study highlight that a combination of both SIA and elemental profiling
through Itrax is ideal for seafood provenance.

1. Introduction

Demand for seafood is increasing globally, with aquaculture now
exceeding the supply of seafood from wild fisheries (Botsford et al.,
1997; Kearney, 2010). Currently, seafood accounts for 6% of protein in
human diets, and it is expected that aquaculture will continue to grow
as a source of seafood due to supply by wild fisheries peaking
(Henchion et al., 2017). Fish and other seafood products are considered
a healthier source of protein, compared to white and red meat, due to
its unsaturated-fat content and high levels of iodine, omega-3 fatty
acids, and a range of essential micronutrients (Sioen et al., 2007; World
Health Organization, 2003). With the advent of better and more effi-
cient aquaculture technologies, seafood production has become a major
livelihood. Nevertheless, wild-caught seafood is a high value com-
modity, and is often sold alongside farmed fish and other aquaculture
products (Buck, 2007).

Global trade of seafood involves moving large quantities of raw and
processed products across regions. This has led to governments reg-
ulating the trade of seafood for environmental, economic, human
health and biosecurity reasons. Regulatory controls are often based on

certification and traceability requirements along the market chain,
largely to identify the source of seafood to minimise the transfer of
disease-carrying products that can affect human health, and to prevent
product substitution (European Union, 2002; Ulrich et al., 2015). Sea-
food may carry harmful pathogens that can spread disease to wild
fisheries and aquaculture industries, or may be deemed contaminated
in the presence of banned chemicals, antibiotics – often associated with
aquaculture – or heavy metals from industrial pollution (Feldhusen,
2000; Fyfe and Millar, 2012).

Although seafood provenance is embedded in regulations and cer-
tification and traceability protocols (European Union, 2002), it can be
expensive and cumbersome to undertake mainly because analytical
methods, such as DNA profiling, have limitations. For example, DNA
profiling has limited application because it is most effective at distin-
guishing between species, and to a lesser extent, some genetic variation
within a species that might indicate origin (Carrera et al., 2000;
McGinnity et al., 1997). In the case of aquaculture, farmed seafood may
be produced in one country, but broodstock or fingerlings/post larvae
may originate from another. Similarly, microsatellite marker technol-
ogies may have limited use in distinguishing between farmed and wild-
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caught seafood if hatcheries source broodstock locally or from different
regions, or are used for stock enhancement for the wild fishery. Some
aquaculture practices also involve collection of wild seed that carry the
same microsatellite markers as their wild-grown counterparts (Estoup
et al., 1998). Studies have also shown that fatty acids may be used to
distinguish the source or production method of seafood, but the method
involves a labour-intensive process to prepare samples for analysis
(Budge et al., 2002; Nemova et al., 2013; Ricardo et al., 2015).

The application of stable isotopes to seafood provenance is recent
(Moreno-Rojas et al., 2008; Serrano et al., 2007), and can complement
other analytical technologies or potentially be applied as an in-
dependent provenance tool (Zhang et al., 2017), if refined. The un-
derlying premise is that farmed and wild-caught fish have different diet
sources and are exposed to different environmental conditions that lead
to distinguishable differences in their isotopic and elemental signatures
(Carter et al., 2015; Fry, 2006; Gamboa-Delgado et al., 2014; Kim et al.,
2015; Kling et al., 1992; Mazumder et al., 2016; Ortea and Gallardo,
2015; Turchini et al., 2009). Stable isotope analysis (SIA) has been used
effectively in the provenance of red meat, dairy products and wine
(Primrose et al., 2010). Similarly, the elemental assimilation of fish can
be influenced by the quality of water and diet, climatic conditions, and
the management practices utilised in aquaculture (Alasalvar et al.,
2002; Roy and Lall, 2006; Yamashita et al., 2006). For instance, ele-
ments, such as hafnium, are commonly found in seawater and therefore
will accumulate in fish that have been raised in estuaries or wild-caught
in saltwater (Rickli et al., 2010). However, since wild-caught Asian sea
bass (Lates calcarifer), also known as barramundi, have a lifecycle which
involves migration between fresh and sea water, it is likely that the
elemental composition of these individuals will vary quite significantly
in comparison to their farmed counterparts (Russell and Garrett, 1985).

Seafood provenance research and practices typically focus on
commercially-valuable species such as Atlantic salmon (Salmo salar)
(Carter et al., 2015; Gamboa-Delgado et al., 2014; Kim et al., 2015;
Ortea and Gallardo, 2015; Turchini et al., 2009). Examples of such
research include the study conducted by Molkentin et al. (2007), which
showed a significant difference in δ13C values between farmed and
wild-caught Atlantic salmon (S.salar). Other studies showed there may
or may not be a significant enrichment of δ15N values for wild-caught
Asian sea bass (L. calcarifer) (Moreno-Rojas et al., 2008; Serrano et al.,
2007). Studies which have used SIA to determine the geographic origin
of samples found SIA alone was not always accurate for provenance
testing (Carter et al., 2015; Turchini et al., 2009). Further studies are
needed to investigate the application of SIA combined with other
analytical techniques, such as elemental profiling, to assess if the ap-
proach can accurately determine the geographic origin and production
method.

Asian sea bass (L. calcarifer), is an ideal species for aquaculture
because it is adaptable to wide-ranging water salinity and turbidity. The
species has been farmed in brackish water, fresh water, and under
marine conditions using different farming systems, such as ponds, tanks
and floating cages. Pond or net-cage culture is the preferred method of
cultivating and harvesting Asian sea bass (Boonyaratpalin and
Williams, 2002; Talpur and Ikhwanuddin, 2012). Provenance of Asian
sea bass is important because the farmed and wild-caught products are
exported, and substitution or mislabelling can occur during different
stages of the market chain leading to ‘food fraud’, and also compro-
mising biosecurity in importing countries (Spink and Moyer, 2011).
Consumers also expect to know the origin and production methods due
to concerns over food safety and a desire to purchase sustainably pro-
duced fish. While it can be argued that the genetic variability of farmed
L. calcarifer is decreasing due to hatchery culture practices, it would still
be difficult to determine the geographic origin of farmed species using
DNA profiling (Frost et al., 2006).

This study used stable carbon and nitrogen isotope analyses, and
elemental profiling using X-ray fluorescence (XRF) through Itrax, to
determine the geographic origin and production method of L. calcarifer,

an important seafood product. XRF using Itrax provides a rapid analysis
of multiple elements with very low detection limits and requires
minimal sample preparation. The advantage of using Itrax over con-
ventional elemental profiling methods is that it can detect a large
number of elements (30+), including heavy metals and lighter ele-
ments (Gopi et al., 2019).

The aim of this study is to determine if the two analytical technol-
ogies can be used to achieve a higher level of prediction for provenance
to meet the requirements of regulations, and to trace L. calcarifer pro-
ducts to their geographic origin. As isotopic values of fish are closely
related to diet (Fry, 2006; Mazumder et al., 2018) and elemental
compositions related to their diet and environment (Alasalvar et al.,
2002; Roy and Lall, 2006; Yamashita et al., 2006), we assume isotopic
and elemental compositions of L. calcarifer will change with aqua-
culture practices and location. The following hypotheses were tested:
the stable isotope values and elemental composition of Asian sea bass
(L. calcarifer) will vary significantly according to the production
methods (farm vs. wild) and geographic origin; and this variation can
be used to accurately predict provenance.

2. Materials and methods

2.1. Sample collection

This study used authenticated samples obtained from wholesale
market through collaboration with industry and research partners in
Australia and Asia. Thirty-eight dead L. calcarifer samples were used to
represent farms and wild fisheries from two regions within Australia
(Northern Territory and Queensland) and one from Asia (Malaysia)
(Fig. 1).

Each region had seven replicates for each production method
(n=7) except for Malaysia, which had five (n=5). The farmed sam-
ples used for analysis were randomly collected from different ponds at
each farm. Because isotopic values change due to ontogenetic diet shifts
(Hentschel, 1998; Winemiller, 1989), the size range was kept similar,
ranging from 60 to 70 cm; farmed fish were of a similar age. The age of
wild-caught specimens was not determined, thus, length was used as an
indicator of similar age. In the current study, all samples were of table
size (approximately 60 cm) and ready for distribution to the market.

2.2. Sample preparation

The samples were immediately frozen on collection and transported
to the research facilities. The samples from Asia were processed by
partner-agency researchers at their own facility. Once they reached the
laboratory, all samples were thawed and washed with de-ionised water
before sample preparation for analysis. The fish samples were then
descaled and cleaned with deionised water. A 5 cm2 sample of tissue
was removed from the dorsum of the L. calcarifer samples. Oven-dried
dorsum samples, both Asian and Australian, were then transported to
the Australian Nuclear Science and Technology Organisation (ANSTO)
for isotopic and elemental analysis. All samples were checked to ensure
that they were completely dry and then homogenised into a fine
powder using a mortar and pestle (Kinney et al., 2011). The mortar and
pestle were cleaned with ethanol between each sample to avoid cross-
contamination. The fine powder was then stored in labelled airtight test
tubes until they were used for stable isotope analysis and elemental
profiling. To ensure consistency, each individual sample was sub-di-
vided and used for both SIA and elemental profiling.

2.3. Stable isotope analysis

The isotopic analysis was conducted at ANSTO in Sydney, Australia,
using a continuous-flow isotope ratio mass spectrometer (CF-IRMS),
model Delta V Plus (Thermo Scientific Corporation, U.S.A.), interfaced
with an elemental analyser (Thermo Fisher Flash 2000 HT EA, Thermo
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Electron Corporation, U.S.A.). Around 0.15mg of each powdered
sample was loaded into tin capsules and compacted manually to remove
air spaces and then processed through CF-IRMS. All isotopic data were
reported relative to IAEA (International Atomic Energy Agency) sec-
ondary standards, and certified relative to air for nitrogen, and Vienna-
PeeDee Belemnite (VPDB) for carbon. Normalisation of the data was
done using a two-point calibration, using standards (Chitin and Caesin
Sodium Salt from Bovine Milk) which bracket the samples. Every run of
the samples included both standards as quality control references.
Results were accurate to 1% for both C% and N%, and ± 0.3 parts per
thousand (‰) for δ13C and δ15N. They were reported in delta (δ) units
in parts per thousand (‰) determined by the formula:

= ⎛
⎝

− ⎞
⎠

×X
Rsample

Rstandard
(‰) 1 1000

As lipid content in muscle can affect the δ13C values of finfish
(Sotiropoulos et al., 2004), the formula from Post et al. (2007) was used
to mathematically correct for lipids if the C:N ratio was>3.5:

= − + ×δ C δ C C N3.32 0.99 :normalised untreated
13 13

2.4. Elemental analysis

The procedure detailed by Gadd et al. (2018) was followed for
elemental analysis. Around two grams of each powdered sample was
attached to double-sided tape fixed to a clear acrylic sheet, and cleaned
with ethanol. The samples were transferred to the tape with a spatula
and flattened to around two centimetres in length using a paint scraper
to ensure that the scan surfaces were uniform. The tools were cleaned
with ethanol between samples to avoid cross-contamination. The

powdered samples were then analysed using XRF spectrometry on the
Itrax high-resolution core scanner at ANSTO (Croudace et al., 2006).
The output spectra were fit to the model spectra using Q-Spec 8.6.0,
which also accounted for elemental inferences and sum peaks. The XRF,
through Itrax, determined the relative abundance of 31 different ele-
ments (Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br,
Rb, Sr, Y, Zr, Cd, Sn, Sb, Nd, Hf, Pb, Bi, At, and U) present in the
samples.

2.5. Data analyses

Three different statistical and ordination methods were used in this
study to ensure that the results were accurate and consistent; they were:
1) univariate (ANOVA) and multivariate analysis (Principal Component
Analysis (PCA)) in RStudio (R Core Team, 2018); 2) Linear Dis-
criminant Analysis (LDA), a package in RStudio which can discriminate
between multiple factors, and is utilised in provenance work (Natusch
et al., 2017; Venables and Ripley, 2013); and, 3) randomForest, which
is also an R package that shows promise in discriminating between
factors (Liaw and Wiener, 2002).

LDA is a widely used dimensionality reduction technique (Sharma
and Paliwal, 2015) and assumes normal distribution of data. The R
package randomForest uses many classifiers (trees in this case, of which
500 were used), and does not assume any formal data distribution, to
increase predictive performance (Liaw and Wiener, 2002). These trees
were aggregated and used to distinguish between the chosen factors.

3. Results

Stable carbon and nitrogen isotope values differed significantly

Fig. 1. Sample collection regions in Asia and in Australian states.
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(Table 1) between farmed and wild-caught L. calcarifer, and the wild-
caught fish samples were enriched in δ15N (Fig. 2). The PCA of the SIA
and elemental data combined together showed a difference between the
farmed and wild-caught samples in most cases (Fig. 3). However, the
farmed fish samples from Northern Territory had some overlap with the
farmed fish samples from Queensland.

The SIA data showed that all 3 geographic origins were distin-
guishable through the δ13C and δ15N values (Fig. 2). The PCA of the
combined SIA and elemental abundance showed a clear distinction
between all geographic origins of L. calcarifer.

The different datasets were used to create three separate models
using randomForest and LDA. The randomForest had an accuracy of
84% for determining the production methods (farm vs. wild-caught)
and geographic origin using SIA, while the accuracy of the analysis
decreased to 72% when using elemental analysis. Combining the SIA
and elemental datasets resulted in an accuracy of 81% for
randomForest. However, when the different models were tested using a
test dataset, the SIA model had two incorrect predictions out of six,
while the elemental model only had one incorrect prediction out of six.
The combined model had no incorrect predictions. The models built
using LDA had an accuracy of 88% for isotopic data, 22% for elemental
data and 9% for the combined dataset. When the prediction accuracy of
the models were tested, the isotopic model, as well as the elemental
model, predicted five out of six variables incorrectly, while the com-
bined dataset had four incorrect predictions out of six.

4. Discussion

4.1. Production methods

Generally, isotopic values of consumer tissue are influenced by their
diet (Carter et al., 2015; Mazumder et al., 2018), and the overlap be-
tween the Northern Territory and Queensland farmed fish samples are
likely to be due to similar diets being used at the farms. Previous studies
on finfish provenance show that both δ13C and δ15N values can be
important for discriminating between varying production methods
(Molkentin et al., 2007; Moreno-Rojas et al., 2008). Molkentin et al.
(2007) showed that δ13C values of Atlantic salmon (S. salar) differed
significantly between farmed and wild individuals. Their study de-
termined that the differences were due to the δ13C values assimilated

Table 1
The ANOVA results of stable isotope values for L. calcarifer from the same
geographic origin.

Lates calcarifer Stable isotope F statistic Significance

Malaysia: farm vs. wild δ13C 88.92 p < .05
δ15N 63.08 p < .05

Queensland: farm vs. wild δ13C 13.06 p < .05
δ15N 193.9 p < .05

Northern Territory: farm vs. wild δ13C 0.546 p > .05⁎

δ15N 43.3 p < .05

⁎ Indicates no significant difference.

Fig. 2. Stable isotope biplot (mean and standard deviation of δ13C and δ15N
values) of L. calcarifer differentiating farmed (filled in symbols) and wild-caught
(empty symbols) samples. Samples were collected from 3 different geographic
origins across Australia and Asia.

Fig. 3. PCA plot of the first two components showing
the effectiveness of stable isotopes and relative ele-
mental abundance for distinguishing the production
method and geographic origin of L. calcarifer. The
distance between groups indicates the differences
between them. There is a clear difference between all
farmed and wild-caught samples and most geo-
graphic origins, except for an overlap between the
Northern Territory and Queensland farmed fish
samples.
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from either the C3 or C4 plants used in the feed. The present study found
that δ13C values contributed significantly to the difference between
farmed and wild-caught L. calcarifer in the LDA. Generally, the wild
caught samples of L. calcarifer were significantly enriched when com-
pared to their farmed counterparts, with Northern Territory fish being
the only exception. The depletion of δ13C in the farmed samples is likely
to be due to the use of terrestrial material, with a lower δ13C content in
the feed (Arechavala-Lopez et al., 2013). The present study found that
the wild-caught L. calcarifer were significantly enriched in their δ15N
values when compared to their farmed counterparts. The difference in
δ15N values is likely due to the higher trophic- level natural food
available to individuals in the wild. Similarly, the δ15N values can be a
reflection of the nitrogen sources used in the feed of the farmed L.
calcarifer (Arechavala-Lopez et al., 2013). In addition, the δ15N values
are also used as an indicator of anthropogenic pollution in aquatic and
estuarine systems. Typically organisms in systems polluted by anthro-
pogenic sources have a higher δ15N value (Lake et al., 2001). As the
δ15N values of the samples are relatively low, it can be assumed that it
reflects the natural food rather than anthropogenic sources.

Elemental differences between farmed and wild-caught L. calcarifer
can be attributed to the differences in diets and environmental condi-
tions. Water and diet quality, climatic conditions, as well as manage-
ment practices, influence the elemental assimilation of fish (Alasalvar
et al., 2002; Roy and Lall, 2006; Yamashita et al., 2006). Anderson et al.
(2010) conducted a similar study, using carbon and nitrogen stable
isotopes, along with elemental abundance determined by ICP-MS, to
distinguish between the production methods of three different types of
salmon. Their study found that stable isotope and elemental abundance
distinguished between the production methods of king salmon (On-
corhynchus tshawytscha), coho salmon (Oncorhynchus kisutch), and
Atlantic salmon (S. salar). The use of both SIA and elemental data in
two separate models was recommended as it provides consistent results
when distinguishing between farmed and wild-caught fish samples. The
present study distinguishes itself from previous studies by using XRF
through Itrax to determine the relative abundance of elements. The
accuracy obtained by the present study (72%) was similar to the study
by Anderson et al. (2010) who found> 75% accuracy, in spite of a
lower number of replicates (five-seven samples compared to 64 for wild
and 81 for farmed). The similarity in accuracy is presumably due to a
larger number of elements (31) detected by the Itrax scanner as com-
pared to the 19 used by Anderson et al. (2010) through ICP-MS.

4.2. Geographic origin

The LDA and randomForest models used in this study indicate that
SIA can be used to determine the geographic origins of L. calcarifer. Kim
et al. (2015) reported that the δ13C values of mackerel (Scomber japo-
nicus) and yellow croaker (Larimichthys polyactis) varied significantly
between countries and with minimal variation within each country. For
instance, their study reported that the samples obtained from four
distinct sites in Korea had minimal variation. However, the present
study found that the δ15N values were significantly different among
samples collected, even between the Australian states. The random-
Forest determined δ15N as the most important variable when de-
termining the geographic origin of samples. This result suggests that
most geographic origins would have a unique isotopic signature (Carter
et al., 2015; Fry, 2006; Gamboa-Delgado et al., 2014; Kim et al., 2015;
Kling et al., 1992; Mazumder et al., 2016; Ortea and Gallardo, 2015;
Turchini et al., 2009), which can be traced to authenticate the geo-
graphic origin of samples.

The elements that were detected by the XRF through Itrax are likely
to be assimilated either from the environment or the diet of the in-
dividual (Anderson and Smith, 2005; Djedjibegovic et al., 2012;
Hesslein et al., 1991; Lim et al., 2001; Rickli et al., 2010; Shim and Ng,
1988). Some elements, such as cadmium, could have potentially accu-
mulated in the muscle tissue of individuals due to anthropogenic

pollution, especially in estuaries (Thophon et al., 2003). As the en-
vironment and diets of the individuals will vary according to their
production method, as well as geographic origins, it can be assumed
that these contribute to the differences between the two factors. De-
termining the sources of these elements was not within the scope of this
study, thus, it is recommended that their sources be studied further to
underpin refinements in the application of elemental profiling as a
seafood provenance tool. This can also be used to determine the ef-
fectiveness of specific elements as a tracer for the production methods
and geographic origins of seafood.

The modelling of elemental data in this study was able to distin-
guish the geographic origins of L. calcarifer. The use of elemental data in
provenance work is currently limited. Li et al. (2013) used Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) to determine
the abundance of elements to distinguish the geographic origin of dif-
ferent Ictalurid catfish species. The eleven elements used in that study
were sufficient to determine the geographic regions of the samples
analysed. Similarly, Yamashita et al. (2006) showed that the elements
derived from the Japanese eel (Anguilla japonica) were sufficient to
distinguish their geographic origin. However, the advantage of the
current study is the capacity of XRF, using the Itrax core scanner, to
provide a larger dataset of elements, thus considerably improving
precision when distinguishing the geographic origin of the samples.

4.3. Precision of models

The model created using stable isotope data had the highest accu-
racy; however, it also had the highest number of incorrectly predicted
samples. This result was to be expected as previous literature suggested
that SIA alone was not suited for seafood provenance (Carter et al.,
2015; Turchini et al., 2009). The elemental data, which is a novel
technique for seafood provenance, had only one incorrectly predicted
sample even though it had a lower accuracy than the SIA model.
Combining the two datasets results in no incorrectly predicted samples.
This would suggest that a combination of both SIA and XRF through
Itrax is suited for seafood provenance.

The discrepancy between the randomForest and LDA models sug-
gest that the precision is also reliant on the model used. The relative
inaccuracy of LDA could be due to the data not having a normal dis-
tribution and the model overfitting, which led to the incorrect classi-
fications.

5. Conclusion

The present study has shown that the application of SIA and ele-
mental profiling, through the Itrax core scanner, can determine the
origin and production method of seabass collected from Australian and
Asian sources. While the study was successful in achieving its aims,
there are still limitations. For instance, the study did not account for
seasonal variations of δ15N (Sant'Ana et al., 2010) and was based on a
limited sample size. Furthermore, the source of the elements should
also be investigated in future studies along with more species and other
factors, such as water quality and feed sources, to determine how these
factors affect the models. Addressing these limitations in future studies
will strengthen the accuracy of the model and allow for it to become a
deterrent for seafood fraud.
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