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Rationale: Increasing demand for fish and seafood means that the traceability of

marine products is becoming ever more important for consumers, producers and

regulators. Highly complex and globalised supply networks create challenges for

verifying a stated catch region. Atlantic cod is one of the most commercially

important species in the northeast Atlantic. Several regional fisheries supply cod into

the trade network, of which some are at greater risk of overexploitation than others.

Tools allowing retrospective testing of spatial origin would significantly assist

sustainable harvesting of fish, reducing incentives for illegal fishing and fraud.

Methods: Here, we investigate whether stable isotope ratios of carbon, nitrogen and

sulphur can be used to retrospectively identify the catch region of Atlantic cod

(Gadus morhua). We measured the isotopic composition of muscle tissue from

377 cod from 10 catch regions across the northeast Atlantic and then applied three

different assignment methods to classify cod by region of most likely origin. The

assignment method developed was subsequently tested using independently

sourced, known-origin samples.

Results: Individual cod could be traced back to their true origin with an average

assignment accuracy of 70–79% and over 90% accuracy for certain regions.

Assignment success rates comparable to those using genetic techniques were

achieved when assigning among restricted and pre-selected regions. However,

assignment accuracy to the fishery region estimated from independent samples

across the whole geographic range of cod averaged �25% overall, highlighting the

need for careful application of isotope-based approaches.

Conclusion: Stable isotope techniques can provide effective tools to test for origin in

Atlantic cod, but not all catch regions are isotopically distinct. Stable isotopes could

be combined with genetic techniques to result in higher assignment accuracy than

could be achieved using either method independently. Assignment potential can be

estimated from reference datasets, but estimates of realistic assignment accuracy

require independently collected data.
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1 | INTRODUCTION

Traceability of marine products throughout retail chains is increasingly

important for consumers, producers and regulators.1–4 Food fraud is

known to be a serious global issue,5–9 whether substituting the

species in a product, the undeclared use of additives, fraudulent use

of a brand name or concealing the true geographic origin.8 Fish and

seafood are particularly vulnerable to incorrect claims of geographic

origin due to the spatially based management of global fisheries

together with a highly globalised seafood market and complex trade

network,1 leading to a risk of both deliberate fraud for financial gain

and accidental mislabelling of a product.

Genetic testing has revealed widespread species substitution and

mislabelling across some sectors of the seafood trade network,5,6,10

including for whitefish.11,12 A review of 51 peer-reviewed papers

investigating seafood species mislabelling using genetic methods

including 4500 samples collected globally5 found on average 30% of

samples tested were mislabelled with regard to species. However, in

Europe, the incidence of species mislabelling may have reduced since

the widespread use of DNA tests.6 A recent meta-analysis using

Bayesian methods suggests the true mislabelling rate is �8% on

average.13

Verifying the catch location is much more challenging than

testing species' identity,14–16 because a tracer is required that shows

variations between multiple different regions on a suitable spatial

scale. EU legislation requires all commercially landed fish to be

labelled with the catch location,17 but there are no widely accepted

forensic tests for spatial origin of seafood products, and no equivalent

estimates for the extent of geographic origin mislabelling within retail

networks. Current traceability relies mainly on document-based

records at each stage in the supply chain. Vessel monitoring systems

are also now used in many countries and have improved traceability

at first landing, but these systems are often not used on smaller

vessels, and vessel-based monitoring with paper (or electronic)

chain of custody data cannot address accidental or deliberate

mis-association of products to specific vessels.

In marine systems, the stable isotopic composition of structural

elements in phytoplankton organic tissues varies spatially due to both

variations in the isotopic composition of dissolved inorganic nutrients

(e.g. CO2, NO2, SO4), as well as isotopic fractionation associated with

nutrient fixation. The spatially varying isotopic composition of primary

producers is subsequently transferred through the food chain and

becomes incorporated into the tissues of consumers, acting as a

natural marker for animals feeding in different locations. Therefore

the isotopic composition of food products can be used to

differentiate among those from different locations and to infer

origin.18–20

Stable isotope compositions are used extensively to identify

origin and movement in humans as well as terrestrial animals and food

products.21 In marine systems, the increased practical difficulty of

obtaining spatially explicit reference samples, together with the

relative spatial homogeneity of stable isotope ratios of strontium and

oxygen in marine water means that stable isotope ratios have not

been widely used to trace the origin of wild-caught marine food

products. To date, isotope-based studies of spatial origin of wild-

caught seafood have been carried out on sea bass,22,23 turbot,24

tuna25,26 and hake27 as well as commercially important invertebrates

such as shrimp,28,29 scampi (Nephrops),30 scallops,31,32 jumbo squid,33

Manila clams34 and sea cucumbers.35,36 These studies suggest that

stable isotope analysis is a promising method for determining origin in

some wild-caught species.

Atlantic cod (Gadus morhua, cod from now on) is one of the most

commercially important fish species in the northeast Atlantic, with

Europe's cod fishery production totalling 1.2 million tonnes in 2020.37

Management of cod fisheries and fishery quotas involves several

fishery states including Norway, Russia, the Faroes, the

United Kingdom and the EU. The United Kingdom imports large

amounts of cod, with a value of £425 million in 2021,38 mainly caught

in the north Norwegian, Barents Sea and Iceland fisheries,39 which are

certified as sustainable by the Marine Stewardship Council (MSC).40

However, several other regional fisheries also supply cod into the

market and some are more at risk of overexploitation. The eastern

Baltic Sea had a zero recommended catch limit for cod in 2023 since

the spawning stock biomass has decreased and the stock status is

poor.41 North Sea cod was awarded MSC certification in 2017,40 but

the stock has since deteriorated to below safe biological limits.42

Consequently, its MSC certification was suspended in 201940 and

the International Council for the Exploration of the Sea (ICES)

recommended a significant reduction in the total allowable catch.42

Establishing or verifying the catch location of cod in the retail market

is of vital importance to the sustainability and future management of

cod fisheries. Since Ogden43 initiated the concept of using natural

tracers for fish forensics in 2008, genetic techniques have been

successfully applied to determine the origin of Atlantic cod from

several populations on a relatively large spatial scale. Nielsen et al44

used single nucleotide polymorphisms (SNPs) to discriminate among

Atlantic cod from North Sea, Baltic Sea and northeast Arctic

populations, and traced individuals to these a priori-defined

populations of origin with 98–100% correct classification. Genetic

markers clearly offer a powerful tool for assessing geographic origin

among populations that are truly reproductively isolated, but this

potential is reduced for species with mixed populations, for fisheries

operating at the margins of discrete populations, or fisheries targeting

common feeding grounds used by multiple reproductively isolated

populations.43

Assigning a likely origin to a sample based on a natural tracer

involves assessing the relative similarity between the composition of

the test sample and reference datasets defining the chemical

composition across one of a number of distinct regions.43 Known-

origin reference samples must therefore be obtained from each of

these regions. Samples can only be assigned to one of the discrete

regions contained in the reference dataset, so any test samples

originating from outside of these regions will be incorrectly

assigned. Any tool proposed to verify claimed catch location or

establish catch location at any point through the supply chain must

meet accuracy and precision standards. For terrestrial food
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products, 95% confidence limits are often used for authenticity

testing of commercial samples.45 Falsely high estimates of accuracy

and precision can result if the reference samples do not cover the

full range of the fish, the reference regions are decided a priori

based on expected differences in the tracer used, or if the

reference dataset is not independent from the test samples used to

assess accuracy.43

The aim of the study reported here was to investigate whether

the stable isotope composition of Atlantic cod muscle can provide

geographic discrimination at a level that has practical use in fisheries

management, to compare levels of spatial differentiation expressed in

tissue isotope compositions with previously assessed genetic markers

and to assess the contribution that stable isotope markers can make

as a forensic tool for verifying the spatial origin of traded fish

products. We measured the carbon, nitrogen and sulphur stable

isotope ratios in 377 Atlantic cod muscle tissue samples of known

geographic origin to construct a reference dataset of fish from a wide

range of catch locations across the northeast Atlantic. We then used

this to determine the accuracy with which individuals can be traced

back to their true origin region.

2 | EXPERIMENTAL

2.1 | Cod muscle samples

Atlantic cod (G. morhua) was chosen for the study due to its very high

commercial importance in Europe and around the world, and because

it has a wide distributional range from Greenland to North Carolina in

the northwest Atlantic and from the Barents Sea to the Bay of Biscay

in the northeast Atlantic. It is also a well-studied species with existing

data on the effectiveness of genetic techniques for spatial traceability

of cod populations in the northeast Atlantic.44

Samples of Atlantic cod were collected between February and

December 2018 from nine regions in the northeast Atlantic Ocean,

and multiple stations were sampled within each region (Figure 1A and

Data S3). The sample suite was extended with additional samples

provided by Young's Seafood Ltd from the Barents Sea caught in

2017. The sampling regions were selected to cover as many of the

main commercial fishery areas as possible over the full geographic

range of Atlantic cod, including regions broadly comparable to those

sampled by Nielsen et al,44 but also based on the availability of

F IGURE 1 (A) Locations of all stations where samples of Atlantic cod were obtained, coloured according to the geographic regions. The total
number of samples (n) collected from each region is shown and the symbols indicate whether the stock is sustainable or at risk (as determined
from the ICES 2022 advice for each stock,56 based on the spawning stock biomass relative to the limit where reproduction to the stock is
impaired (Blim)). ICES subarea boundaries are indicated by the dotted grey lines. (B) Lipid-corrected δ13C, δ15N and δ34S values measured in the
Atlantic cod muscle tissue samples from each geographic region [Color figure can be viewed at wileyonlinelibrary.com]
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known-origin samples. The regions also correspond to ICES subareas

within FAO major fishing area 27. Stations for each region are

contained within one subarea, with the exception of the region

referred to as the Norwegian Sea which consists of stations close to

the Norwegian coast falling either side of the boundary between ICES

subareas 1 and 2 (Barents and Norwegian Sea subareas) (Figure 1A).

To ensure authenticity of the catch locations, samples were

obtained from research fisheries surveys or fish tagging studies

carried out by the relevant research organisation in the area of

interest, except those provided by Young's Seafood Ltd. The research

organisations and sources who supplied the samples are listed in

Table S1.

We aimed to sample at least 50 individuals from each of the

regions to estimate the natural variability of wild populations;

however, this was not always possible. The total numbers of samples

collected from each region are shown in Figure 1A. Sampling from

multiple stations ensured that the samples were not all derived

from one haul, which may catch individuals travelling as a group and

consequently with very similar isotope compositions. Ideally, a

maximum of five individuals were sampled from each station,

although this was not always possible due to sampling constraints.

The body sizes of the fish sampled were not measured, so that they

would be representative of typical samples likely to be encountered in

the context of traceability. However, only individuals of commercial

size were used (>35 cm).

2.2 | Sample preparation

A small sample of white muscle tissue (approximately 3 cm3) was

removed from each individual with catch location, species, date

collected and station number (haul) recorded. The muscle tissue

samples were placed immediately into a �20�C freezer for transport

and were kept frozen until processing in the laboratory. The only

exception were samples from the Faroe Islands, which were instead

preserved in 70% ethanol due to the transportation time back to the

United Kingdom.

2.3 | Stable isotope analysis

The frozen cod muscle samples were freeze-dried at �55�C for 24 h,

and then homogenised into a powder. Care was taken not to include

any skin with the muscle tissue. Between 2.5 and 2.8 mg of each

powdered sample was weighed into tin capsules for analysis. A total

of 377 samples were analysed for bulk carbon, nitrogen and sulphur

stable isotope ratios. Most samples were analysed at the Life

Sciences Mass Spectrometry Facility (LSMSF) in East Kilbride,

United Kingdom, but a minority of samples were measured at the

University of Southampton based at the National Oceanography

Centre. Samples were analysed at both laboratories using an

Elementar vario PYRO cube elemental analyser coupled with an

Isoprime visION isotope ratio mass spectrometer. Accuracy and

precision were monitored through laboratory internal standards

(LSMSF: MSAG, M2 and SAAG2; University of Southampton:

sulfanilamide and a protein standard), as well as two common

standards run in both laboratories to ensure consistent

measurements (fish muscle standard and an in-house glutamic acid

standard). Blanks were also run in each batch. Stable isotope

compositions are expressed as δ13C, δ15N and δ34S values in per

mille (‰) relative to the international standards (Vienna-PeeDee

Belemnite, air and Vienna-Canyon Diablo Troilite).

Lipids are depleted in 13C compared to proteins and

carbohydrates; therefore δ13C values in two cod samples with a high

lipid content (C:N ratios >3.4) as defined by Skinner et al46 were

corrected arithmetically using the methodology described by Kiljunen

et al.47 Samples from the Barents Sea were collected a year prior to all

other samples, so the δ13C values for these were corrected for the

Suess effect by applying a �0.022‰ per year adjustment.48

2.4 | Statistical analysis

All analyses were performed using R version 3.6.2.49

Multiple methods of discrete assignment were compared. First, a

comparison between isotopic compositions in each ‘unknown’ sample

and the reference populations was conducted based on multivariate

normal probability distributions. A stratified jack-knifing approach was

applied to estimate the potential accuracy of assignment based on the

isotopic separation among potential origin populations. A random

subset of 25% of the samples from each location was extracted from

the dataset and used as a test subset to be assigned, and the

remaining 75% of the samples were used as the reference datasets.

The carbon, nitrogen and sulphur stable isotope data for reference

samples from each location were used to fit a multivariate normal

probability distribution for that location. Each individual from the test

subset was assigned to its most likely origin using the multivariate

normal probability distributions of the reference dataset. The

‘dmvnorm’ function within the ‘mvtnorm’ package50 in R statistical

software was used to calculate the probability density function of the

multivariate normal distribution and therefore give the likelihoods of

the samples having originated from each location. The location with

the greatest likelihood is deemed the most likely origin for that

sample. This was repeated 1000 times with different random subsets

of test and reference data and a mean was calculated for each region

(see Data S2 for further details).

The multivariate probability density function used to calculate the

likelihoods for multiple variables is defined as:

p xð jμ,ΣÞ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2πð Þd

q
Σj j

exp �1
2

x�μð ÞTΣ�1 x�μð Þ
� �

where x is a random vector of size d, μ is the mean vector, Σ is the

symmetric, positive definite covariance matrix of size d �d, jΣ j is its

determinant and T is its transpose.
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As a further test of assignment accuracy using this multivariate

normal probability method, leave-one-out cross-validation was

conducted by removing each sample in turn and assigning them using

all the remaining samples.

Two other assignment approaches were compared: linear

discriminant analysis and random forest classification.

Linear discriminant analysis was performed using the ‘MASS’
package51 in R statistical software. A leave-one-out approach was

applied, where each sample in the dataset was taken as the test

sample and assigned to its most likely origin in turn, with all the

remaining data used as the reference subset to train the linear

discriminant model.

Random forest classification is based on an ensemble of decision

trees, and it is a non-parametric technique that does not require data

to be normally distributed. Classification by random forest was

conducted using the ‘randomForest’ package52 in R statistical

software. A leave-one-out approach was again applied. The sample

sizes were balanced using the ‘sampsize’ parameter within the

randomForest package, which draws a specified number of random

samples from each group to create the trees, since unbalanced sample

sizes may result in the random forest being biased towards groups

with a greater number of samples.53 The sample size specified using

‘sampsize’ was set as one less than the number of samples in the

smallest class in the training dataset (after removing one as the test

sample), to allow for random variation among trees, and the same

number of samples was drawn from all other regions. The

classification was fine-tuned by selecting the values for ‘ntree’
(number of trees in the random forest) and ‘mtry’ (the number of

variables used at each node split) to give the highest accuracy

of assignment. The assignment accuracy was determined as the total

number of correctly assigned test samples in each region, and this was

also reported as a percentage of the total samples. Random forest

classification also estimates the error internally. Each tree within the

ensemble is created using a different subset of the data at random,

where a proportion of the samples are left out and are not used to

construct the tree. This approach is used to give an out-of-bag

error rate.

2.5 | Assigning independent known-origin samples

Each of the approaches to estimate potential assignment accuracy

described above suffers from non-independence of training and test

samples, which is a common limitation in many assignment studies,

and likely results in overestimated assignment accuracy. In an

attempt to address this issue, we assembled an independent

dataset of carbon and nitrogen stable isotope ratios measured in

cod from a range of sources. Published data from a previous study

by Jennings and Cogan54 contributed isotope ratios measured in

cod during a range of years spanning 2002–2010 from the North

Sea, Irish Sea and Celtic Sea. A further dataset was provided by

Ifremer from the EVHOE 2014 survey,55 which includes isotope

ratios of cod caught in 2014 and 2015 in the Celtic Sea. These

data were combined with results obtained from cod caught in the

Barents Sea by the Institute of Marine Research (IMR) in Norway

and Icelandic cod provided by Young's Seafood. The literature δ13C

data were corrected for the Suess effect by applying a �0.022‰

per year adjustment48 before being assigned to their most likely

location using the bivariate assignment method described previously

with the known-origin cod in the current study as a reference

dataset.

3 | RESULTS

Measurement error associated with the stable isotope analysis of the

fish muscle samples determined as the standard deviation of replicate

measurements of two internal standards – a fish muscle standard and

a glutamic acid standard – was 0.1–0.4‰ for δ13C, 0.1–0.2‰ for

δ15N and 0.6–0.7‰ for δ34S. The internal standards used were

consistent between laboratories, allowing comparison between the

measurements from the two sites. Means of repeated analyses of fish

muscle and glutamic acid standards from both laboratories are within

one standard deviation of each other (Table S2). The C:N ratios imply

that the different storage method for the Faroes samples (70%

ethanol prior to freeze drying) had little effect on the stable isotope

values, since the C:N ratios are very similar suggesting that minor loss

of lipids occurred.

The stable isotope compositions of Atlantic cod muscle samples

differ significantly among the 10 regions (ANOVA; δ13C: f = 187.3,

d.f. = 10, p < 2 � 10�16; δ15N: f = 119.2, d.f. = 10, p < 2 � 10�16;

δ34S: f = 15.62, d.f. = 10, p < 2 � 10�16). The δ13C, δ15N and δ34S

values measured in the cod samples from each region are shown in

Figures 1B and S1, and the means and standard deviations for each

location are listed in Table S3. The full dataset of stable isotope

values measured in the cod muscle samples can be found in Data

S1. Overall, δ13C values range from �15.6‰ to �22.4‰. The lowest

mean δ13C value of �21.1‰ was found in the Baltic Sea, but the

Norwegian Sea samples also have lower δ13C values than those in

almost all other regions. The greatest variation in δ13C values occurs

in the Iceland samples, with a range of 4.5‰. The Irish Sea has the

highest mean δ13C value of �16.7‰ as well as the highest mean

δ15N value of 16.9‰. The Celtic and Barents Sea samples also have

relatively high δ15N values, whereas δ15N values for the other

locations are more similar, apart from cod from Rockall with a much

lower mean δ15N value. The mean δ34S values show less variation

among regions than for carbon and nitrogen isotopes, ranging

between 18.1‰ and 19.7‰, so values for many regions overlap.

However, the δ34S values generally have greater variation among

individuals within regions than for δ13C or δ15N, with the largest

ranges of 5.1‰ and 4.9‰ for samples from Iceland and the Baltic

Sea, respectively. The Norwegian Sea is the most distinctive in terms

of sulphur isotope values, since the samples in this region have the

highest mean δ34S value and the range is relatively small compared

to other locations, although the West Scotland samples also have

relatively high δ34S values.

WILSON ET AL. 5 of 12
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3.1 | Grouping of stable isotope data by region

δ13C values separate the samples into two main groups (Figure S2).

The first consists of the Baltic, Norwegian and Barents Seas with low

δ13C values due to low salinity (Baltic) and cold temperatures. The

Baltic samples form a distinct cluster, which do not overlap with

samples from any other locations. The Norwegian and Barents Sea

samples show good separation from the remaining regions, but some

samples from these two regions are isotopically similar. The remaining

warmer, more southerly regions around the Faroes and UK shelf seas

yield cod with higher δ13C values. Samples from Iceland show the

largest spread of δ13C values, overlapping both of these groups.

Samples from Rockall are very distinct (Figure S2), with hardly any

overlap with the other regions due to the lower δ15N values; however,

this is based on a small sample size. Other regions are less distinct in

their isotopic composition, including the North Sea, Faroes, West

Scotland, Celtic Sea and Iceland, which although form clear clusters,

show a larger area of overlap in their δ13C and δ15N values. However,

cod caught in the Irish Sea generally had higher δ15N values than the

other locations and only overlapped with samples from the Celtic Sea,

likely due to the close geographic proximity of the two regions.

The δ34S values are very variable and overlap in samples from all

regions (Figure S2), indicating that sulphur isotopes would have

limited use in distinguishing between samples from these locations.

3.2 | Assignments to catch location

The maximum potential accuracy of assignment for each region of

origin using the three techniques – multivariate normal probability

distributions, linear discriminant analysis and random forest

classification – are compared in Table 1. Random forest classification

gave the highest overall accuracy of assignment to origin (mean 79%

for all regions), whereas discriminant analysis (Figure S5) and the

multivariate normal probability technique both gave similar, slightly

lower accuracies: 70% and 72% mean overall, respectively. Each

assignment technique performed better for some regions and worse

for others, although random forest classification achieved the highest

success rate overall as well as for the most individual regions

(Figure S6).

Cod from the Norwegian and Baltic Seas were the most

accurately assigned across each of the assignment methods. The

lowest assignment success was obtained for West Scotland, Rockall,

North Sea and Celtic Sea, due to a number of cod samples being

assigned to nearby regions of the UK shelf sea or Faroes. Detailed

breakdowns of the misassignments associated with each classification

approach are provided in Figure S3 and Tables S5, S6 and S7. Most

often the incorrect assignments were to the nearest region

geographically, such as North Sea samples being assigned to the

Faroes or West Scotland, or Irish Sea samples being assigned to

the Celtic Sea, since the region in closest proximity is often the most

isotopically similar.

δ34S values contributed little to the spatial traceability of cod in the

regions studied. However, sulphur had more potential informational

value for Icelandic cod, for which the assignment accuracy increased

from 59% to 73% when δ34S was included as an assignment tracer

using the multivariate method (Table S4). The ability to distinguish

between Iceland and West Scotland samples was particularly improved,

since over 50% of Icelandic cod were assigned to West Scotland in

some simulations using only carbon and nitrogen isotopes compared

with a mean of 2% over all repeat simulations with the addition of

sulphur isotopes (Figures S3 and S4). Therefore, in limited cases sulphur

isotopes gave an improvement in assignment accuracy, but for most

regions sulphur did not provide significantly greater distinguishing

power than using carbon and nitrogen isotopes alone.

3.3 | Assigning independent known-origin samples
to the reference dataset

Isotope data from fully independently collected test samples (Jennings

and Cogan,54 IMR (Norway), Young's Seafood Ltd and Ifremer55)

TABLE 1 Comparison of assignment
accuracy for each geographic region
using linear discriminant analysis,
multivariate normal probability
distributions and random forest
classification. For linear discriminant
analysis, the mean over 1000 repeat
simulations is shown. For multivariate
analysis and random forest, results are
shown using a leave-one-out cross-
validation approach

Location

Assignment accuracy (%)

Linear discriminant analysis Multivariate analysis Random forest

Barents Sea 79 90 90

Norwegian Sea 99 98 90

Iceland 61 70 64

Faroes 74 86 86

North Sea 88 47 52

West Scotland 0 50 50

Rockall 79 40 100

Baltic Sea 93 98 95

Irish Sea 84 82 84

Celtic Sea 42 63 75

Mean accuracy 70 72 79
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overlapped with our reference data (Figure S7), but did not include

samples from the isotopically distinct Baltic region. The assignment

successes obtained from fully independent test samples were reduced

for all regions compared to the estimates calculated using only the

samples from the current study (non-independent samples; Table 2).

Assignment accuracies for individual regions decreased the least

for Iceland (from 64% to 50%) and the most for the Irish Sea (from

84% to 27%) using independent samples, excluding the Barents Sea

samples which were mostly assigned to the Norwegian Sea (Table 2).

It is possible that these samples originated in the north Norwegian

Sea rather than central Barents Sea, since we do not have a record of

the exact catch locations. The reduced assignment successes using

independent samples emphasises the importance of independent

sampling to determine the realistic assignment accuracy potential.

Further details of the results are available in the supplementary

materials (Data S2).

4 | DISCUSSION

The results of this study demonstrate that stable isotope

compositions of Atlantic cod muscle differ systematically among

major fishery areas, highlighting the potential use of stable isotopes as

a forensic tool to indicate provenance of Atlantic cod products. Cod

from the Barents Sea, Norwegian Sea, Baltic Sea and Rockall could be

traced to their catch area with high confidence (90–100%), whereas

other regions were less isotopically distinct, such as Iceland, the North

Sea and West Scotland, which resulted in lower assignment

accuracies (64%, 52% and 50%, respectively). The Baltic Sea samples

were one of the most reliably discriminated, as is expected due to the

different environmental conditions – the Baltic Sea is brackish

because of freshwater runoff and has a shallow sill at the entrance to

the Atlantic Ocean resulting in limited water exchange.

4.1 | Comparison of assignment methods

Random forest classification performed the best overall for

assignment accuracy to region of origin, achieving a significantly

higher success rate than the other methods for several regions. The

multivariate normal probability technique and linear discriminant

analysis gave very similar assignment accuracies overall. Although

these two techniques did not have such a high overall success rate as

random forest classification, they had the advantage of performing

better for certain discrete regions. Cross-validation gave very similar

results to the multivariate technique, since the same multivariate

assignment method was used, but for regions with a small sample size

this sometimes led to a higher assignment accuracy because fewer

samples are removed at a time, leaving a larger reference subset to

assign the test sample against. Therefore, random forest classification

appears to be the best overall choice of assignment method for this

dataset and may improve further if more balanced sample sizes were

obtained, but all approaches gave relatively similar results.

Sulphur stable isotope ratios have rarely been used in the marine

environment for tracing the origin of animals, but they have been

found to increase the ability to distinguish among catch locations of

scampi (Nephrops norvegicus).30 In the current study, the inclusion

of sulphur isotope ratios did not increase the proportion of cod

correctly traced to origin for the majority of fishery regions. In fact,

the addition of sulphur isotope measurements reduced the

assignment accuracy in many cases due to the large and overlapping

ranges of δ34S values in cod from almost all areas. Of all the regions

analysed, only Icelandic cod benefitted significantly from including

sulphur isotopes, with an increase in assignment accuracy from 59%

using only carbon and nitrogen isotopes to 73% when sulphur

isotopes were added.

4.2 | Comparison of stable isotope analysis with
genetic techniques applied to restricted, pre-selected
populations

Nielsen et al44 used SNPs to assign Atlantic cod to three populations

of origin in the North Atlantic. In the current study using stable

isotope ratios, if the same cod populations as in Nielsen et al44 are

selected from the dataset and all other sampled locations excluded

(combining the Barents and Norwegian samples into one group – the

northeast Arctic), the assignment accuracy using the same

multivariate assignment methodology as previously described is 100%

for the northeast Arctic, 99% for the North Sea and 94% for the Baltic

Sea, and therefore very close to the high success rates achieved using

genetic techniques for the same regions (98–100%). Using either the

genetic or isotopic techniques, the Baltic Sea had the lowest

assignment accuracy of the three regions. For the genetic

assignments, the likelihood of the test sample originating from the

true population of origin was at least six times higher than for

the second most likely population of origin.44 In our study using stable

isotopes, the majority of assignments also had a probability at least six

times greater for the true region of origin than the second most likely

region – only between zero and eight samples out of a total of 82 test

samples had a probability less than six times greater, varying with

repeat simulations using different test subsets. If only ‘strong’
assignments are included, where the likelihood of the true location is

at least six times greater than the second most likely origin, and

others are discarded, the assignment accuracy increases to 100% for

the northeast Arctic, 99% for the North Sea and 96% for the Baltic

Sea. Furthermore, using random forest classification, high assignment

accuracies of 94%, 100% and 100% for the northeast Arctic, North

Sea and Baltic Sea were achieved, respectively. Only three samples

were misclassified in total, all from the northeast Arctic. Therefore, it

is demonstrated that when datasets are reduced to include only

samples from highly distinct populations, isotopic and genetic

assignment techniques perform similarly well. It is likely that

combining the two approaches would reduce errors and give a higher

confidence in tracing provenance than either technique used in

isolation.16
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TABLE 2 Results of assigning cod samples measured in previous datasets to the sample data collected in our study as a reference dataset
(with a correction for the Suess effect on δ13C values), using only δ13C and δ15N. The correct assignments for each region are highlighted in blue.
Previous datasets: Barents Sea – collected by IMR (Norway); Iceland – provided by Young's Seafood Ltd; North Sea – from Jennings and Cogan54;
Irish Sea – from Jennings and Cogan54; Celtic Sea – from Jennings and Cogan54 and collected by Ifremer55 from the EVHOE 2014 survey

True origin region Assigned region Cod assigned (count) Cod assigned (%)

Barents Barents Sea 2 2

Norwegian Sea 63 73

Iceland 3 4

Faroes 0 0

North Sea 0 0

West Scotland 0 0

Rockall 0 0

Baltic Sea 18 21

Irish Sea 0 0

Celtic Sea 0 0

Iceland Barents Sea 0 0

Norwegian Sea 1 10

Iceland 5 50

Faroes 1 10

North Sea 3 30

West Scotland 0 0

Rockall 0 0

Baltic Sea 0 0

Irish Sea 0 0

Celtic Sea 0 0

North Sea Barents Sea 0 0

Norwegian Sea 0 0

Iceland 18 12

Faroes 31 20

North Sea 19 12

West Scotland 64 42

Rockall 18 12

Baltic Sea 2 1

Irish Sea 0 0

Celtic Sea 2 1

Irish Sea Barents Sea 5 15

Norwegian Sea 0 0

Iceland 1 3

Faroes 3

North Sea 3 9

West Scotland 3 9

Rockall 0 0

Baltic Sea 0 0

Irish Sea 9 27

Celtic Sea 10 29

Celtic Sea Barents Sea 0 0

Norwegian Sea 0 0

Iceland 1 1

Faroes 8 11
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4.3 | Assignment of independent known-origin
samples

Apparent assignment potential is inflated when estimating accuracy

from the same reference samples used to define classification rules.

Assigning samples based on independent sampling resulted in reduced

apparent assignment success in every region. This lower assignment

accuracy compared to assigning non-independent samples reflects a

combination of additional variance effects associated with (but not

limited to) location, time and biology of the fish, all of which are

uncontrolled in any true forensic test. Therefore, the jack-knifing or

leave-one-out approach gives the maximum possible discrimination,

whereas the independent samples test the realistic assignment

potential.

Temporal variation in the spatial distribution of δ13C and δ15N

over seasonal and yearly timescales results from changes in the rate

of hydrodynamic and biogeochemical processes with time,18 which is

then transferred up the food web. The independent samples from the

Barents Sea and Icelandic waters were collected 1 year prior to those

in the current study so the cod from these regions show similar

isotopic compositions in both datasets (assuming the Barents Sea

samples were actually collected in the north Norwegian Sea as

discussed previously), whereas the Jennings and Cogan54 samples

were collected 8–16 years earlier than in this study, so for these the

temporal effect on assignment accuracy was more significant.

Matching the timescale of reference sample collection to that of the

unknown samples is likely to result in more reliable assignments.

The difference between the datasets could also partly be attributed to

the differences in the exact locations of sampling within the same

region. The samples in Jennings and Cogan54 from the North and

Celtic Seas were collected from similar locations to our reference

samples, but those from the Irish Sea cover a much wider area

(Figure S8). Creating a reference dataset using samples collected from

across the whole of each target region better encompasses the true

variance for the region and would likely result in a higher assignment

accuracy.

4.4 | Limitations and future research

Ogden43 laid out the considerations of moving genetic tools from

fisheries research to fish forensics. Most considerations also apply

to stable isotopes. Ogden43 particularly draws attention to the

requirement that reference samples are to be independently derived

from the test or assignment samples.

There are limitations in the use of stable isotope ratios for

provenance traceability related to the movement of individuals over

time. If an individual migrates across multiple regions, the isotopic

signature will be integrated across these boundaries and the results

will be difficult to interpret. This is particularly a consideration for

animals where the tissue turnover rate (time taken to assimilate the

isotope values of the diet into tissue) is slow relative to the migratory

movements of the animal. In this case, assignment to origin will be

difficult because the individual moves across isotopic gradients faster

than new tissue is formed. Likewise, the location at which an animal

feeds may not necessarily be the location where it is caught for very

mobile animals, or animals could be feeding on mobile prey that have

themselves crossed isotope gradients. Most cod populations in the

northeast Atlantic form regionally discrete populations,57 but other

species with less geographically structured populations would be less

successfully assigned to origin using stable isotopes. Temporal

variations in the isotopic composition of plankton at the base of the

food web could lead to seasonal variations in fish tissue. However,

most production in marine food webs is fuelled from seasonal

plankton growth, and fish in temperate regions have correspondingly

distinct growth seasons. Furthermore, muscle is a relatively slow-

turnover tissue averaging over several months. It is therefore likely

that seasonal variations in plankton baselines are significantly

dampened in cod muscle.

Marine food webs are commonly structured by size, and tissue

δ15N and δ13C values typically increase systematically with body

size.58,59 In order to infer location from the isotopic compositions of

fish of different species or body sizes a correction is necessary to

account for trophic level and/or body size effects, but this can be

difficult to determine and introduces additional uncertainty.60 In this

study, body size was not recorded (although all fish were of

commercial size) since the aim was to develop a tool that could be

used in trade or retail situations, where the size before processing is

unlikely to be known. Fish of a range of sizes were sampled from all

regions, so that the isotopic variation due to body size was taken into

account. However, it is possible that errors could occur if an individual

outside the size range of the reference dataset is assigned to origin.

There are also several advantages of using stable isotope

techniques for establishing origin of fish. They can be used on

TABLE 2 (Continued)

True origin region Assigned region Cod assigned (count) Cod assigned (%)

North Sea 25 35

West Scotland 3 4

Rockall 0 0

Baltic Sea 0 0

Irish Sea 9 13

Celtic Sea 25 35
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uncooked processed products (muscle tissue), being mindful of

contamination with other added ingredients. Furthermore, sampling

and storage requirements are minimal – it is possible to collect

samples from markets or auctions and muscle samples can be frozen

or dried within a day or two of collection.

In this study, discrete assignments were used to determine the

most likely origin. Discrete assignments require a reference dataset of

tissue isotope values from each of the potential origin areas.

Therefore, discrete assignments assume that all possible origin regions

have been sampled and are part of the reference dataset. Any test

individuals from an origin not contained in the reference dataset will

be incorrectly assigned. The accuracy of assignment also relies on the

reference dataset sufficiently encompassing the true variance of

the individuals from that region. To further test the use of stable

isotopes for tracing the provenance of Atlantic cod, the regions

sampled in this study could be expanded to cover all possible catch

regions on a spatial scale relevant to ICES fishery areas, and for some

regions already sampled to increase the sample numbers to ensure

the true variance has been sampled. Due to the temporal variation in

stable isotope ratios, the reference dataset should also have been

acquired during a similar timeframe as the test samples if they are to

be reliably compared, since products from the same location could

show different isotopic compositions if they were collected in

different years or seasons. For terrestrial food products, new

reference data are collected each year from the different geographic

regions.45 However, for marine food products with large latitudinal

harvesting ranges, baselines are unlikely to need frequent resampling.

For example, MacKenzie et al61 have shown that regional marine

carbon and nitrogen isoscapes are stable over at least 10–15 years.

Considerable effort is required to build reference datasets for

tracer-based spatial assignment. Predicting whether isotope methods

are likely to be effective before committing resources to sampling

would be a considerable advantage. Isotope-enabled global

biogeochemical models can provide a priori estimates of which fishery

areas are likely to be isotopically distinct, and therefore where isotope

markers may have predictive value.16 Cusa et al16 predicted the ability

to discriminate among Atlantic cod from MSC certified fishery areas

based on isotope-enabled global biogeochemical models, and found

that cod from the Barents Sea, North Sea and Icelandic waters could

be assigned to origin with predicted accuracies of 90%, 89% and 50%,

respectively. Here we corroborate the high assignment potential for

Barents Sea cod, but achieved lower assignment accuracy for North

Sea cod and higher for Icelandic cod.

5 | CONCLUSIONS

Samples of Atlantic cod muscle from the northeast Atlantic could be

assigned to known fishery origin based on stable isotope analyses, but

the accuracy achievable is highly sensitive to the locations considered.

Assignment accuracies approaching 100% can be achieved when

comparing between fisheries with clear isotopic separation

(e.g. between the Barents and Baltic populations), but isotope

methods alone cannot effectively differentiate among cod fisheries

surrounding the British Isles.

Apparent assignment accuracies are strongly influenced by

dependence of reference and test samples. Samples analysed to

assess the accuracy of forensic assignment approaches should be

collected independently from those used to define reference datasets.

Stable isotope analyses offer cost-effective tools to assist

forensic assessments of catch origin for Atlantic cod, but their use

requires careful consideration of the provenance question asked.
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5. Pardo MÁ, Jiménez E, Pérez-Villarreal B. Misdescription incidents in

seafood sector. Food Control. 2016;62:277-283. doi:10.1016/j.

foodcont.2015.10.048

6. Warner K, Mustain P, Lowell B, Geren S, Talmage S. Deceptive

dishes: seafood swaps found worldwide. 2016. https://usa.oceana.

org/publications/reports/deceptive-dishes-seafood-swaps-found-

worldwide.

7. Interpol/Europol. Operation OPSON VII Analysis Report. 2018.

https://www.europol.europa.eu/publications-events/publications/

operation-opson-vii-analysis-report

8. FAO. Overview of Food Fraud in the Fisheries Sector; 2018.

9. Spink J, Embarek PB, Savelli CJ, Bradshaw A. Global perspectives on

food fraud: Results from a WHO survey of members of the

International Food Safety Authorities Network (INFOSAN). Sci Food.

2019;3(1):1-5. doi:10.1038/s41538-019-0044-x

10. Naaum AM, Warner K, Mariani S, Hanner RH, Carolin CD. Seafood

mislabeling incidence and impacts. In: Seafood Authenticity and

Traceability. Academic Press; 2016:3-26. doi:10.1016/B978-0-12-

801592-6.00001-2

11. Miller DD, Mariani S. Smoke, mirrors, and mislabeled cod: Poor

transparency in the European seafood industry. Front Ecol Environ.

2010;8(10):517-521. doi:10.1890/090212

12. Helyar SJ, HaD L, de Bruyn M, Leake J, Bennett N, Carvalho GR. Fish

product mislabelling: Failings of traceability in the production chain

and implications for illegal, unreported and unregulated (IUU) fishing.

PLoS ONE. 2014;9(6):e98691. doi:10.1371/journal.pone.0098691

13. Luque GM, Donlan CJ. The characterization of seafood mislabeling: A

global meta-analysis. Biol Conserv. 2019;236:556-570. doi:10.1016/j.

biocon.2019.04.006

14. El Sheikha AF, Montet D. How to determine the geographical origin

of seafood? Crit Rev Food Sci Nutr. 2016;56(2):306-317. doi:10.1080/

10408398.2012.745478

15. Gopi K, Mazumder D, Sammut J, Saintilan N. Determining the

provenance and authenticity of seafood: A review of current

methodologies. Trends Food Sci Technol. 2019;91:294-304. doi:10.

1016/j.tifs.2019.07.010

16. Cusa M, St John Glew K, Trueman C, et al. A future for seafood

point-of-origin testing using DNA and stable isotope signatures. Rev

Fish Biol Fisheries. 2021;32(2):597-621. doi:10.1007/s11160-021-

09680-w

17. European Union. Regulation (EU) No. 1379/2013 of the European

Parliament and of the Council of 11 December 2013 on the common

organisation of the markets in fishery and aquaculture products,

amending Council Regulations (EC) No. 1184/2006 and (EC) No.

1224/2009 and repealing Council Regulation (EC) No. 104/2000.

2013. http://extwprlegs1.fao.org/docs/pdf/eur141697.pdf

18. Magozzi S, Yool A, Vander Zanden H, Wunder M, Trueman C. Using

ocean models to predict spatial and temporal variation in marine

carbon isotopes. Ecosphere. 2017;8(5). doi:10.1002/ecs2.1763

19. Somes CJ, Schmittner A, Galbraith ED, et al. Simulating the global

distribution of nitrogen isotopes in the ocean. Global Biogeochem

Cycles. 2010;24(4). doi:10.1029/2009GB003767

20. Trueman CN, St. John Glew K. Isotopic tracking of marine animal

movement. In: Tracking Animal Migration with Stable Isotopes.

Academic Press; 2019:137-172. doi:10.1016/B978-0-12-814723-8.

00006-4

21. Meier-Augenstein W. Stable Isotope Forensics: Methods and Forensic

Applications of Stable Isotope Analysis. John Wiley & Sons; 2017. doi:

10.1002/9781119080190

22. Farabegoli F, Pirini M, Rotolo M, et al. Toward the authentication of

European sea bass origin through a combination of biometric

measurements and multiple analytical techniques. J Agric Food Chem.

2018;66(26):6822-6831. doi:10.1021/acs.jafc.8b00505

23. Varrà MO, Ghidini S, Zanardi E, Badiani A, Ianieri A. Authentication of

European sea bass according to production method and geographical

origin by light stable isotope ratio and rare earth elements analyses

combined with chemometrics. Italian J Food Safety. 2019;8(1):7872.

doi:10.4081/ijfs.2019.7872

24. Busetto ML, Moretti VM, Moreno-Rojas JM, et al. Authentication of

farmed and wild turbot (Psetta maxima) by fatty acid and isotopic

analyses combined with chemometrics. J Agric Food Chem. 2008;

56(8):2742-2750. doi:10.1021/jf0734267

25. Chouvelon T, Brach-Papa C, Auger D, et al. Chemical contaminants

(trace metals, persistent organic pollutants) in albacore tuna from

western Indian and south-eastern Atlantic Oceans: Trophic influence

and potential as tracers of populations. Sci Total Environ. 2017;596:

481-495. doi:10.1016/j.scitotenv.2017.04.048

26. Rampazzo F, Tosi F, Tedeschi P, et al. Preliminary multi analytical

approach to address geographic traceability at the intraspecific level

in Scombridae family. Isotopes Environ Health Stud. 2020;56(3):

260-279. doi:10.1080/10256016.2020.1739671

27. Carrera M, Gallardo JM. Determination of the geographical origin of

all commercial hake species by stable isotope ratio (SIR) analysis.

J Agric Food Chem. 2017;65(5):1070-1077. doi:10.1021/acs.jafc.

6b04972

28. Ortea I, Gallardo JM. Investigation of production method,

geographical origin and species authentication in commercially

relevant shrimps using stable isotope ratio and/or multi-element

analyses combined with chemometrics: an exploratory analysis. Food

Chem. 2015;170:145-153. doi:10.1016/j.foodchem.2014.08.049

29. Gopi K, Mazumder D, Sammut J, Saintilan N, Crawford J, Gadd P.

Combined use of stable isotope analysis and elemental profiling to

determine provenance of black tiger prawns (Penaeus monodon). Food

Control. 2019;95:242-248. doi:10.1016/j.foodcont.2018.08.012

30. Slesser HW, Trueman CN. Traceability of the Norway lobster

Nephrops norvegicus in UK shelf seas: A stable isotope approach.

J Shellfish Res. 2021;40(1):153-160.

31. Trueman CN, MacKenzie KM, St. John Glew K. Stable isotope-based

location in a shelf sea setting: accuracy and precision are comparable

to light-based location methods. Methods Ecol Evol. 2017;8(2):

232-240. doi:10.1111/2041-210X.12651

32. Zhang X, Cheng J, Han D, Zhao X, Chen X, Liu Y. Geographical

origin traceability and species identification of three scallops

(Patinopecten yessoensis, Chlamys farreri, and Argopecten irradians)

using stable isotope analysis. Food Chem. 2019;299:125107. doi:10.

1016/j.foodchem.2019.125107

33. Gong Y, Li Y, Chen X, Chen L. Potential use of stable isotope and

fatty acid analyses for traceability of geographic origins of jumbo

squid (Dosidicus gigas). Rapid Commun Mass Spectrom. 2018;32(7):

583-589. doi:10.1002/rcm.8071

34. Won E-J, Kim SH, Go Y-S, et al. A multi-elements isotope approach

to assess the geographic provenance of Manila clams (Ruditapes

philippinarum) via recombining appropriate elements. Foods. 2021;

10(3):646. doi:10.3390/foods10030646

35. Zhang X, Liu Y, Li Y, Zhao X. Identification of the geographical origins

of sea cucumber (Apostichopus japonicus) in northern China by using

stable isotope ratios and fatty acid profiles. Food Chem. 2017;218:

269-276. doi:10.1016/j.foodchem.2016.08.083

36. Kang X, Zhao Y, Shang D, et al. Identification of the geographical

origins of sea cucumbers in China: The application of stable isotope

ratios and compositions of C, N, O and H. Food Control. 2020;111:

107036. doi:10.1016/j.foodcont.2019.107036

37. European Commission. The EU Fish Market. 2022nd ed. Publications

Office of the European Union; 2022.

38. Seafish. UK Seafood in Numbers 2021. 2022.

WILSON ET AL. 11 of 12

 10970231, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/rcm

.9861 by Ifrem
er C

entre B
retagne B

lp, W
iley O

nline L
ibrary on [23/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1111/1750-3841.13743
info:doi/10.1111/1750-3841.13743
info:doi/10.1016/j.foodcont.2015.10.048
info:doi/10.1016/j.foodcont.2015.10.048
https://usa.oceana.org/publications/reports/deceptive-dishes-seafood-swaps-found-worldwide
https://usa.oceana.org/publications/reports/deceptive-dishes-seafood-swaps-found-worldwide
https://usa.oceana.org/publications/reports/deceptive-dishes-seafood-swaps-found-worldwide
https://www.europol.europa.eu/publications-events/publications/operation-opson-vii-analysis-report
https://www.europol.europa.eu/publications-events/publications/operation-opson-vii-analysis-report
info:doi/10.1038/s41538-019-0044-x
info:doi/10.1016/B978-0-12-801592-6.00001-2
info:doi/10.1016/B978-0-12-801592-6.00001-2
info:doi/10.1890/090212
info:doi/10.1371/journal.pone.0098691
info:doi/10.1016/j.biocon.2019.04.006
info:doi/10.1016/j.biocon.2019.04.006
info:doi/10.1080/10408398.2012.745478
info:doi/10.1080/10408398.2012.745478
info:doi/10.1016/j.tifs.2019.07.010
info:doi/10.1016/j.tifs.2019.07.010
info:doi/10.1007/s11160-021-09680-w
info:doi/10.1007/s11160-021-09680-w
http://extwprlegs1.fao.org/docs/pdf/eur141697.pdf
info:doi/10.1002/ecs2.1763
info:doi/10.1029/2009GB003767
info:doi/10.1016/B978-0-12-814723-8.00006-4
info:doi/10.1016/B978-0-12-814723-8.00006-4
info:doi/10.1002/9781119080190
info:doi/10.1021/acs.jafc.8b00505
info:doi/10.4081/ijfs.2019.7872
info:doi/10.1021/jf0734267
info:doi/10.1016/j.scitotenv.2017.04.048
info:doi/10.1080/10256016.2020.1739671
info:doi/10.1021/acs.jafc.6b04972
info:doi/10.1021/acs.jafc.6b04972
info:doi/10.1016/j.foodchem.2014.08.049
info:doi/10.1016/j.foodcont.2018.08.012
info:doi/10.1111/2041-210X.12651
info:doi/10.1016/j.foodchem.2019.125107
info:doi/10.1016/j.foodchem.2019.125107
info:doi/10.1002/rcm.8071
info:doi/10.3390/foods10030646
info:doi/10.1016/j.foodchem.2016.08.083
info:doi/10.1016/j.foodcont.2019.107036


39. Seafish. Market Insight Factsheet: Cod (2019). 2019. https://www.

seafish.org/document/?id=5ee125a5-e7cb-4215-ab04-80e174a5098e

40. Marine Stewardship Council. Track a fishery. 2020. https://fisheries.

msc.org/en/fisheries/

41. ICES. Cod (Gadus morhua) in subdivisions 24–32, eastern Baltic stock

(eastern Baltic Sea). ICES Advice: Recurrent Advice. Report 2022.

42. ICES. Cod (Gadus morhua) in Subarea 4, Division 7.d, and Subdivision

20 (North Sea, eastern English Channel, Skagerrak). Report of the ICES

Advisory Committee, 2021 ICES Advice 2021, cod2747d20. 2021.

43. Ogden R. Fisheries forensics: The use of DNA tools for improving

compliance, traceability and enforcement in the fishing industry. Fish

Fish. 2008;9(4):462-472. doi:10.1111/j.1467-2979.2008.00305.x

44. Nielsen EE, Cariani A, Mac Aoidh E, et al. Gene-associated markers

provide tools for tackling illegal fishing and false eco-certification. Nat

Commun. 2012;3(1):851. doi:10.1038/ncomms1845

45. Camin F, Boner M, Bontempo L, et al. Stable isotope techniques for

verifying the declared geographical origin of food in legal cases.

Trends Food Sci Technol. 2017;61:176-187. doi:10.1016/j.tifs.2016.

12.007

46. Skinner MM, Martin AA, Moore BC. Is lipid correction necessary in

the stable isotope analysis of fish tissues? Rapid Commun Mass

Spectrom. 2016;30(7):881-889. doi:10.1002/rcm.7480

47. Kiljunen M, Grey J, Sinisalo T, Harrod C, Immonen H, Jones RI. A

revised model for lipid-normalizing δ13C values from aquatic

organisms, with implications for isotope mixing models. J Appl Ecol.

2006;43(6):1213-1222. doi:10.1111/j.1365-2664.2006.01224.x

48. Young J, Bruggeman J, Rickaby R, Erez J, Conte M. Evidence for

changes in carbon isotopic fractionation by phytoplankton between

1960 and 2010. Global Biogeochem Cycles. 2013;27(2):505-515. doi:

10.1002/gbc.20045

49. R Core Team. R: A Language and Environment for Statistical Computing.

R Foundation for Statistical Computing, Vienna, Austria 2019.

https://www.R-project.org/

50. Genz A, Bretz F, Miwa T, et al. mvtnorm: Multivariate normal and

t distributions. R package version 1.1-1. https://mvtnorm.r-forge.

r-project.org/. 2020.

51. Venables WN, Ripley BD. Modern Applied Statistics with S. 4th ed.

Springer. ISBN 0-387-95457-0.; 2002. doi:10.1007/978-0-387-

21706-2

52. Liaw A, Wiener M. Classification and regression by randomForest. R

News. 2002;2(3):18-22.

53. Bader-El-Den M, Teitei E, Perry T. Biased random forest for dealing

with the class imbalance problem. IEEE Trans Neural Netw Learning

Syst. 2018;30(7):2163-2172. doi:10.1109/TNNLS.2018.2878400

54. Jennings S, Cogan S. Nitrogen and carbon stable isotope variation in

northeast Atlantic fishes and squids. Ecology. 2015;96(9):2568. doi:

10.1890/15-0299.1

55. Kopp D. Personal communication. 2018.

56. ICES. ICES Advice 2022. ICES Advice Publications. Collection. 2022.

57. Neat FC, Bendall V, Berx B, et al. Movement of Atlantic cod around

the British Isles: Implications for finer scale stock management. J Appl

Ecol. 2014;51(6):1564-1574. doi:10.1111/1365-2664.12343

58. Jennings S, Pinnegar JK, Polunin NV, Boon TW. Weak cross-species

relationships between body size and trophic level belie powerful size-

based trophic structuring in fish communities. J Anim Ecol. 2001;

70(6):934-944. doi:10.1046/j.0021-8790.2001.00552.x

59. Jennings S, Barnes C, Sweeting CJ, Polunin NV. Application of

nitrogen stable isotope analysis in size-based marine food web and

macroecological research. Rapid Commun Mass Spectrom. 2008;

22(11):1673-1680. doi:10.1002/rcm.3497

60. Jennings S, Van Der Molen J. Trophic levels of marine consumers

from nitrogen stable isotope analysis: Estimation and uncertainty.

ICES J Mar Sci. 2015;72(8):2289-2300. doi:10.1093/icesjms/fsv120

61. MacKenzie K, Longmore C, Preece C, Lucas C, Trueman C. Testing

the long-term stability of marine isoscapes in shelf seas using jellyfish

tissues. Biogeochemistry. 2014;121:441-454. doi:10.1007/s10533-

014-0011-1

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Wilson JSE, McGill RAR,

Steingrund P, Trueman CN. Tracing the geographic origin of

Atlantic cod products using stable isotope analysis. Rapid

Commun Mass Spectrom. 2024;e9861. doi:10.1002/rcm.9861

12 of 12 WILSON ET AL.

 10970231, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/rcm

.9861 by Ifrem
er C

entre B
retagne B

lp, W
iley O

nline L
ibrary on [23/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.seafish.org/document/?id=5ee125a5-e7cb-4215-ab04-80e174a5098e
https://www.seafish.org/document/?id=5ee125a5-e7cb-4215-ab04-80e174a5098e
https://fisheries.msc.org/en/fisheries/
https://fisheries.msc.org/en/fisheries/
info:doi/10.1111/j.1467-2979.2008.00305.x
info:doi/10.1038/ncomms1845
info:doi/10.1016/j.tifs.2016.12.007
info:doi/10.1016/j.tifs.2016.12.007
info:doi/10.1002/rcm.7480
info:doi/10.1111/j.1365-2664.2006.01224.x
info:doi/10.1002/gbc.20045
https://www.R-project.org/
https://mvtnorm.r-forge.r-project.org/
https://mvtnorm.r-forge.r-project.org/
info:doi/10.1007/978-0-387-21706-2
info:doi/10.1007/978-0-387-21706-2
info:doi/10.1109/TNNLS.2018.2878400
info:doi/10.1890/15-0299.1
info:doi/10.1111/1365-2664.12343
info:doi/10.1046/j.0021-8790.2001.00552.x
info:doi/10.1002/rcm.3497
info:doi/10.1093/icesjms/fsv120
info:doi/10.1007/s10533-014-0011-1
info:doi/10.1007/s10533-014-0011-1
info:doi/10.1002/rcm.9861

	Tracing the geographic origin of Atlantic cod products using stable isotope analysis
	1  INTRODUCTION
	2  EXPERIMENTAL
	2.1  Cod muscle samples
	2.2  Sample preparation
	2.3  Stable isotope analysis
	2.4  Statistical analysis
	2.5  Assigning independent known-origin samples

	3  RESULTS
	3.1  Grouping of stable isotope data by region
	3.2  Assignments to catch location
	3.3  Assigning independent known-origin samples to the reference dataset

	4  DISCUSSION
	4.1  Comparison of assignment methods
	4.2  Comparison of stable isotope analysis with genetic techniques applied to restricted, pre-selected populations
	4.3  Assignment of independent known-origin samples
	4.4  Limitations and future research

	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


