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Abstract: Food authenticity, traceability and provenance are emerging issues of major concern for
consumers, industries and regulatory bodies worldwide. In addition, both food safety and security
are an intrinsic component of food quality where the above issues are key in modern traceability
and management systems. It has been reported that substitution of a high-quality species by less
expensive ones might be a frequent practice in seafood products such as fish and shellfish. In this
type of products, the source (e.g., origin) and identification of the species are complex. Although
different countries have implemented strict regulations and labelling protocols, these issues still are of
concern. This article briefly reviews some of the most recent applications of vibrational spectroscopy
(near and mid infrared, Raman) combined with chemometrics to target some of these issues in the
seafood and fish industries.
Keywords: fish; seafood; traceability; authenticity; provenance; infrared

1. Introduction
Both the present and future of the food industry is challenged by the increasing complexity
and interlinked nature of food supply chains, climate change issues specifically those affecting the
production of raw materials, obesity and aging in the population, as well as continuous changes in the
consumer choice trends in healthy and nutritious foods (e.g., food security, food fraud, etc.) [1–7].
Food authenticity, traceability, origin and provenance are major concerns for consumers, industries
and regulatory bodies worldwide [1,2]. Additionally, consumers have become increasingly aware of the
impacts of food production both on the environment (e.g., sustainability, reduce food waste) and public
health, with the emergence of illness, such as avian flu or white spot (e.g., common disease in prawns),
and the incidence of malpractice along the whole value chain [3–5]. Such issues have compounded,
as developed countries increase food imports to focus on more profitable sectors, and endeavour to
provide consumers access to exotic and otherwise seasonal food and goods all year round [6,7].
As demand and consumer awareness increases about food safety issues, traceability systems
(e.g., blockchain) become an essential component of safety and quality management systems as an
intrinsic part of food quality [8–11]. Traceability systems are utilised to collect data and supply relevant
information about the operation of the production chain at set control points [12]. The more precise the
traceability system, the more efficiently it can identify and resolve food safety or quality problems in a
given food production chain [2,12].
Consumers require accurate and complete information regarding the products they buy and
eat. In many cases, food, both raw ingredients and products are deliberately or unintentionally
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adulterated [13–15]. This can be a consequence of either the mislabelling of a product or the
substitution of one component with a similar but lower-quality or cheaper counterpart, ultimately
leading to commercial fraud [13–15]. Consequently, assuring the authenticity of food ingredients and
products is critical for preventing not only economic fraud but also to reduce the negative impact on
both consumers and industry stakeholders [13–18]. Concomitantly, undeclared, mislabelled, or even
fake food constituents represent a significant risk to the health and safety of consumers (e.g., undeclared
allergens in food due to mislabelling or adulteration) [16–18].
Fish and seafood are essential contributors to the global food supply, providing an important
source of animal protein [7,19–21]. Unfortunately, overfishing of oceans and other waterways
continuously increases annually, necessitating alternate production sources for seafood to feed the
planet’s ever-growing population [7,19–21]. Aquaculture (i.e., aquafarming or fish farming) is a
well-known production system that has been steadily increasing since 1950 and currently produces
more seafood than capture fisheries [7,19–21]. Fish and seafood products are one of the most common
food commodities traded, and thus also one of those most prone to mislabelling and fraud at an
international level [22]. This is because the source (e.g., aquaculture, wild, fresh water, etc.) and
identification of fish and seafood products (species, populations—linked to geographic origin) are
highly complex [23–26]. In both fish and seafood products, the wide biological diversity, the removal
of external features during processing steps, as well as the close phylogenetically relationships among
them render the morphological identification almost impossible [27,28]. This is reflected in the literature
where the substitution of a high-quality seafood products with one of lower cost is frequently reported
by both industry and academics [23–28].
Despite the implementation of strict regulations and labelling protocols by various nations,
these issues remain an international concern [29]. In fact, as a means to avoid food adulteration
and food fraud, many regulations have been promulgated all over the world for food products,
both generally [30–32] and for seafood products specifically [33–35]. For instance, the Council
Regulation (EC-No. 104/2000) [36] on the common organization of the markets in fishery and
aquaculture products requires that seafood products must be labelled with the commercial name of the
species at every step of the marketing chain [36].
This article briefly reviews some of the most recent applications of vibrational spectroscopy
(near and mid infrared, Raman) combined with chemometric methods to target authenticity, provenance
and traceability in the seafood and fish industries.
2. The Tools—Chemometrics and Vibrational Spectroscopy
2.1. Chemometrics
Chemometrics may be defined as the combination of algebra, mathematics and statistical analysis
techniques to analyse and process data [37–42]. It allows for multivariate analysis which is incredibly
useful for processing large datasets derived from food analysis, particularly instrumental analysis
(e.g., spectroscopy) [37–40]. The different methods and techniques allow the analyst to isolate and
interpret pertinent information from complex datasets, illustrate patterns within the data, and develop
calibration and validation models [37–40]. The application of chemometric methods has become
more common in recent years as computing power and the availability of chemometric software
packages has increased [41,42]. The chemometric method or technique used in this type of applications
(e.g., authenticity, traceability, provenance) can be divided into unsupervised (e.g., samples can be
classified without any prior knowledge) or supervised (e.g., prior knowledge about the sample or
dataset is required) [37–40]. While unsupervised methods are useful for the clustering of samples, i.e.,
determining the internal grouping in a set of unlabelled data, they are not suitable for predicting the
category of unknown new objects, which would require supervised methods. In most cases, supervised
classification models must be developed using a training set of samples that have a well-defined
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agriculture-related products and plant materials [42,48,52]. Mid (MIR), near infrared (NIR) and Raman
spectroscopy are classified as molecular/vibrational spectroscopy techniques and they are used to
evaluate and study the interactions of electromagnetic waves with a sample. The electromagnetic
spectrum comprises of different types of radiation, ranging from radio waves (lower end of the
spectrum) through to gamma rays (upper end) [41,42,51–53]. Molecules absorb IR owing to the
vibrational movements of their chemical bonds (e.g., bending, stretching, rocking, wagging or
scissoring) [41,42,51–53]. As these actions occur solely at specific energy levels, chemical bonds absorb
IR radiation of defined energies at distinct wavenumbers or wavelengths. Infrared spectroscopy is
the measure of this absorption, resulting in a spectrum with peaks representing the chemical bonds
present in the given sample [41,42,51–53].
The NIR region of the spectrum is located between 700–2500 nm [41,42,51–53]. NIR spectroscopy
has been established as an efficient analytical technique in the food industry when combined with
chemometric tools (e.g., data mining and data processing), as the weaker bands in the NIR region
are less intense than those in the MIR (between 10–100 times) [41,42,51–53]. This characteristic of the
NIR energy facilitates that samples can be analysed directly without the need of pre-processing
(e.g., drying, homogenisation, grinding) [41,42,51–53]. Overall, the NIR spectra is the result
of overtone and combination bands of fundamental vibrations of C—H, O—H, and N—H
bonds [41,42,51–53]. The interpretation of NIR spectra can be hindered further as consequence
of not only the many overlapping bands but also because an individual analyte might absorb
at several wavelengths [41,42,51–53]. The MIR region (4000–400 cm−1 ) has been very important
in the development of several applications in different fields (e.g., biology, environment and
food) [41,42,51–53]. The MIR is of particular importance analytically as it contains the so called
biochemical and chemical fingerprint region (1800–900 cm−1 ) [41,42,51–53]. The MIR region is known
to contain the distinguishing a number of common biochemical and chemical compounds present
in complex food matrices such as Amide I, II and III around 1650 cm−1 , 1550 cm−1 , and 1260 cm−1 ,
carbohydrates around 1155 cm−1 , glycogen around 1030 cm−1 , lipids and ester groups around 1750 cm−1 ,
−1
asymmetric phosphate stretching vibrations (PO−
2 ) around 1225 cm , symmetric phosphate stretching
−
−1
vibrations (PO2 ; ∼1080 cm ) and protein phosphorylation around 970 cm−1 [41,42,51–53]. The MIR
range between 1500 and 400 cm−1 is also known as the fingerprint region [41,42,51–53]. Absorption
values or peaks in the fingerprint region are predominantly produced by bending and skeletal vibrations,
which are sensitive to large wavenumber shifts, minimising against unambiguous identification of
specific functional groups. Analysis of such fingerprints is the basis of many applications of MIR
spectroscopy in food analysis [41,42,51–53]. In recent years, modern IR instruments have incorporated
sampling accessories such as attenuated total reflectance (ATR) [41,42,51–53]. The incorporation of ATR
has boosted the use of mid infrared (MIR) spectroscopy in food analysis, allowing for the development
of new applications as it removes any necessity for sample preparation, as the ATR accessory extends
the path length assessed by the instrument significantly [41,42,51–53]. Spectra that originate in the
MIR region are characterised by intense and more informative bands or peaks of the molecules present
in the food matrix (fundamental frequencies) [41,42,51–55].
Raman spectroscopy, based on the inelastic scattering of monochromatic when interacting
with molecules, is gaining an increasingly wider area of applications in different industries
(e.g., pharmaceutical, food) [56–59]. Raman spectroscopy provides rich information of the molecule’s
vibrational modes, as well as it is characteristic structure [56–59]. Although only a small amount of
the incident light is inelastically scattered, resulting in the Raman scattering being a naturally weak
effect, the weak counterpart of the incident light energy is modified by the molecular vibrations of
the scattering sample [56–59]. Therefore, the observed vibrational responses provide the analyst
with enough information about the chemical composition of the sample [56–59]. In recent years,
measuring the Raman spectra of complex samples (e.g., muscles, cereals, wine) in situ became
more accessible due to the release of high resolution and portable instruments that provide good
detection capabilities [56–59].
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identification of specific markers or compounds that are indicative of a particular property. These
may be compared with standards in order to assure the authenticity of the food analysed [58,60–62].
markers or compounds may be compared with standards in order to assure the authenticity of the
(2) Alternatively, non-targeted analysis is based on the use of an analytical technique that is able to
food analysed [58,60–62]. (2) Alternatively, non-targeted analysis is based on the use of an analytical
collect the entire profile of a sample or group of samples [58,60–62]. The collected profile of the sample
technique that is able to collect the entire profile of a sample or group of samples [58,60–62]. The
can then be compared with a library of well-known samples that have been characterised and whose
collected profile of the sample can then be compared with a library of well-known samples that have
origin is proven [58,60–62]. Researchers often use genetic barcoding identification in collaboration
been characterised and whose origin is proven [58,60–62]. Researchers often use genetic barcoding
with molecular biologists or sequencing services providers to affirm authenticity [58,60–62].
identification in collaboration with molecular biologists or sequencing services providers to affirm
authenticity
[58,60–62].
2.4. The Sample
(Authentic Sample, Number and Representative Samples)
One
of the(Authentic
most important
to be
in this
type of applications is establishing what
2.4. The
Sample
Sample,issues
Number
andconsidered
Representative
Samples)
constitutes a genuine/authentic sample or one of known origin and provenance (e.g., the sample must
One of the most important issues to be considered in this type of applications is establishing
be fully traceable) [58,60–62]. Samples must be procured from well-known providers, directly from the
what constitutes a genuine/authentic sample or one of known origin and provenance (e.g., the sample
source or directly from the same conditions in the supply chain [58,60–62]. However, both the collection
must be fully traceable) [58,60–62]. Samples must be procured from well-known providers, directly
and definition of an authentic sample is a very difficult task and requires strong collaboration and trust
from the source or directly from the same conditions in the supply chain [58,60–62]. However, both
between the researchers and the fish and seafood industry. Moreover, both the total number of samples
the collection and definition of an authentic sample is a very difficult task and requires strong
and sample representation also have a profound effect on the success of the application [58,60–62].
collaboration and trust between the researchers and the fish and seafood industry. Moreover, both
Therefore, care must be taken in order to select an adequate and representative number of samples in
the total number of samples and sample representation also have a profound effect on the success of
order to develop a robust method.
the application [58,60–62]. Therefore, care must be taken in order to select an adequate and
representative number of samples in order to develop a robust method.
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3. Examples of Chemometrics and Vibrational Spectroscopy Applications in Seafood
3.1. Authentication, Provenance and Traceability
Seafood processing often removes morphological properties of seafood species that enable the
consumer to distinguish one type from another [63–66]. Consequently, species substitution is an
extremely common form of economic adulteration within the seafood industry [63–66]. Both visible
(VIS) and NIR spectroscopy were evaluated to detect and quantify species authenticity and adulteration
in crabmeat samples by Gayo and collaborators [67–69]. In one study, these authors have reported
the adulteration of Atlantic blue (Callinectes sapidus) crabmeat with blue swimmer (Portunus armatus)
crab. The authors observed that water absorption bands dominated the main features in the crabmeat
spectra, with a decrease in sample absorbance observed with increasing adulteration percentage [67–69].
These authors also reported the use of several data pre-treatments to the NIR spectra such as moving
average, a combination of first and second derivatives, as well as the use of multiplicative scatter
correction in addition to the raw data, prior to developing PLS regression models [67–69]. Gayo and
team determined that VIS and NIR spectroscopy combined with chemometric tools were useful for
detecting and quantifying species authenticity and adulteration in crabmeat [67–69]. In a similar
study, the same authors utilised both VIS and NIR spectroscopy to detect, monitor and define the
economic adulteration of crab meat [67–69]. In this study, Atlantic blue (Callinectes sapidus) and
blue swimmer (Portunus armatus) crab meat samples were adulterated with surimi-based imitation
crab meat. Here, the authors determined that both PLS and principal component (PCR) regression
methods after pre-processing the spectra using the first derivative provided the best means of detecting
adulteration in crab meat samples adulterated with surimi [67–69]. Brodersen and Bremner [70]
utilised NIR spectroscopy combined with PCA to differentiate between shrimp (Pandalus borealis)
from a commercial freezer trawler. The shrimp was processed in several ways including, iced, stored
in fresh water and brine of various salt concentrations before being steam-cooked and peeled [70].
The authors demonstrated that chemometrics combined with NIR spectra obtained from samples of
whole shrimp and of minced fresh from the various treatments could differentiate between frozen and
thawed material, between salt content, pH in the flesh, cooking period (temperature) as well as the
whole or minced shrimp [70].
Qu and co-workers [71] demonstrated the potential of VIS-NIR spectroscopy combined with a
hyperspectral imaging system to discriminate fresh, cold-stored and frozen–thawed shelled shrimp
(Metapenaeus ensis). Results derived from this study indicated that the combination of both chemometrics
and spectroscopy were useful to detect illegally substituted and mislabelled products [71]. The authors
confirmed the usefulness of VIS-NIR spectroscopy to classify between fresh shrimps and those from
either cold storage or freezing with classification rates higher than 91% and 88%, respectively [71].
Wu and co-workers also exploited hyperspectral imaging combined with chemometric methods to
assess the reliability and accuracy of the technique to detect gelatine adulteration in prawns [72].
Ottavian and co-workers investigated the potential of NIR spectroscopy as a means of
authentication of wild European sea bass (Dicentrarchus labrax) [73]. The authors explored three
different chemometric techniques to process the NIR spectra, and their ability to discriminate between
wild and farmed sea bass samples was evaluated [73]. The three chemometric techniques demonstrated
that NIR spectroscopy can be reliably applied to discriminate between wild and farmed sea bass,
achieving the same classification performance as classification methods that use chemical properties
and morphometric traits [73]. Moreover, the NIR-based classification methods do not require reagents
and were simpler, faster, more economical, and environmentally safer compared to traditional methods
based on chemical analysis [73].
A study by Lv and collaborators, utilised NIR spectroscopy to discriminate different species of
freshwater fish including black carp (Mylopharyngodon piceus), grass carp (Ctenopharyngodon idellus), silver
carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys nobilis), common carp (Cyprinus carpio),
crucian (Carassius auratus), and bream (Parabramis pekinensis) [74]. The authors evaluated several
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chemometric techniques including PLS-DA, PCA, competitive adaptive reweighted sampling, and fast
Fourier transform (FT) applied to LDA to classify and monitor the origin of the samples [74]. The authors
concluded that the developed methodology was effective in distinguishing between freshwater
fish species [74].
The ability of handheld instruments was evaluated to identify both fillets and patties of Atlantic
cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) [75,76]. The authors of this study used
LDA and SIMCA to analyse the NIR data. The models developed were able to classify 100% using
LDA, while a sensitivity higher than 65% and specificity higher than 74% using SIMCA [72,73]. The use
of IR spectroscopy was also evaluated as a rapid tool to identify valuable species (e.g., red mullet
(Mullus surmuletus) and plaice (Pleuronectes platessa)) substitution with cheaper varieties (e.g., Atlantic
mullet (Mugil cephalus) and flounder (Paralichthys dentatus)) in combination with LDA and SIMCA [60].
The authors reported 100% correct classification when LDA was used, while a sensitivity higher
than 70% and a specificity of 100% was obtained using SIMCA [60]. The ability of Fourier transform
MIR (FT-MIR) was also evaluated by Wu et al. to study the adulteration of Norwegian salmon
with Heilongjiang salmon at local fish markets [77]. The authors reported that the Norwegian and
Heilongjiang salmon samples could be identified using PLS-DA. However, the method was unable to
classify the extent of adulteration between levels of 20–80% [77].
The use of NIR and hyperspectral imaging (900–1700 nm) was evaluated as a tool to automatically
check fish quotas [78]. The authors assumed that different small pelagic fish species have different
spectral signatures [78]. In this study, samples of Chilean silverside (Odontesthes regia), southern rays
bream (Brama australis), and silver hake (Merlucciidae) were scanned and their spectral signatures
analysed using k-nearest neighbour (k-NN) and SVM [78]. The authors reported classification rates
between 80% and 90% depending on the NIR region used during the development of the application [78].
Raman spectroscopy (wavelength of 532 nm) was evaluated to classify deep frozen fish fillets [79].
The spectra of the fillet samples sourced from twelve types of fish were scanned using Raman
spectroscopy, and analysed using hierarchical cluster. The authors identified three groups namely fish
from salmonid family; the second group comprised of fish reared in fresh or brackish water; and the
third group comprised of saltwater reared fish. The authors demonstrated the potential of Raman
spectroscopy as a screening tool prior to routine standard industry methods for the identification of
fish fillets [79].
3.2. Freshness, Spoilage and Storage
Dai and colleagues [80] investigated the potential of VIS and NIR hyperspectral imaging as a rapid
and non-invasive method to assess the freshness of prawns. The authors evaluated both unfrozen and
frozen samples (280 prawns total) and reported the rapid non-invasive classification of unfrozen and
frozen prawn samples with an average correct prediction rate of 98.33% and 95%, respectively [80].
The authors noted that their study should encourage greater research efforts in regard to the on-line
application of hyperspectral imaging for classification and prediction of seafood products. However,
they also acknowledged that as the number of samples analysed in the study was low and only a
limited number of storage periods were investigated, that additional samples possessing a more varied
range of freshness levels should be considered to improve the accuracy and reliability of the models in
future studies. The authors also recommended that more advanced algorithms should be developed to
determine the relationship between freshness and hyperspectral datasets [80].
Ding and co-workers [49] reported the rapid and non-destructive assessment of silver chub
(Macrhybopsis storeriana) freshness using FT-NIR spectroscopy. The authors reported that the eye-ball of
the fish was the best position to locate the NIR fibre optic in order to collect the spectra [49]. The main
explanation of this by the authors was related to the structure of the fish-eyes and the direct relationship
that exist between eye characteristics with the overall freshness of the fish during cold storage [49].
The authors reported that the combination of spectral analysis combined with chemometrics successfully
identified the freshness of samples with a correlation coefficient of 95.59% [49]. Similarly, Zhou and
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co-workers [81] determined the freshness of big head carp (Hypophthalmichthys nobilis) with NIR
spectroscopy combined with different regression methods. The authors reported the prediction of
chemical parameters directly associated with freshness using NIR spectroscopy such as pH, total volatile
basic nitrogen (TVN), and thiobarbituric acid (TBARS) [81]. The prediction models reported yield
a coefficient prediction of 0.945, 0.932 and 0.954 and root mean square error of prediction of 0.081,
2.099 and 0.107 for pH, TVN and TBARS, respectively [81].
In another study, Saraiva and collaborators [82] reported the use of FT-MIR to identify and monitor
spoilage of salmon samples stored in three different environments, in real time. The homogenised
salmon samples were analysed using an attenuated total reflectance (ATR) cell where PCA was used to
identify the regions in the MIR region associated with the spoilage process [82]. The researchers also
used LDA to analyse the MIR spectral data in combination with sensory to better quantify sample
freshness [82]. The use of hyperspectral imaging to monitor freshness in cod fillets (freeze storage,
thawing, vacuum packed) was reported [83]. The authors concluded that the freezing history could be
predicted on frozen and thawed samples [83].
The combination of VIS and NIR hyperspectral imaging was evaluated to differentiate between
frozen/thawed samples of halibut (Psetta maxima) [84]. The classification rates reported by the authors
were above 97% for the prediction samples [84]. However, the classification rates were lower when
the different freezing rates were considered. The authors concluded that VIS and NIR hyperspectral
imaging was able to differentiate between fresh and frozen/thawed samples [85]. A recent article
provides more details about the current state-of-the-art application of hyperspectral imaging to monitor
freshness, safety and storage conditions of fish [86].
Raman spectroscopy was evaluated as a means to identify and classify the species of fish as well as
to determine their freshness (e.g., freezing vs. thawing) by Murat et al. [87]. The fish species analysed
in this study included horse mackerel (Trachurus trachurus), European anchovy (Engraulis encrasicolus),
red mullet (Mullus surmuletus), bluefish (Pomatamus saltatrix), Atlantic salmon (Salmo salar) and flying
gurnard (Trigla lucerna) [87]. In this study, the authors split the samples into different freezing and
thawing cycles where three batches were defined as fresh, once frozen–thawed and twice frozen–thawed.
The Raman data were analysed using PCA models. The authors concluded that the Raman method
was able to differentiate and classify the fresh and frozen samples with up to 99.29% confidence [87].
4. Summary (Present and Future Challenges)
Although, sensory, physicochemical, rheological, and other traditional methods have been used
to assess the quality of fish and seafood products, the need for rapid analytical techniques is still of a
growing interest to the food industry, particularly in regards to costs both monetary and time and the
conservation of samples (non-destructive/non-invasive methods of analysis are preferred).
The last 20 years have seen a considerable investment into research targeting food quality and
safety methods, as consequence of the number of food scandals, which have seriously undermined
consumer confidence. This is particularly true in the case of fish and seafood products, as they possess
a wide biological diversity, and their processing often results in the removal of external features
(which ultimately hinders classification). The close phylogenetically relationships among most of the
more commonly consumed species can render their identification almost impossible to achieve.
This review has shown that different vibrational spectroscopy (e.g., NIR, MIR, Raman and
hyperspectral imaging systems) techniques available have the ability to qualitatively (e.g., classify,
identify, monitor) analyse fish and seafood products. The several applications of vibrational
spectroscopy highlighted the need to incorporate different data analysis and processing techniques
(e.g., PLS-DA, LDA, SVM) during the analysis. The most recent developments in hardware
(e.g., image techniques, optical sensors, handheld instrumentation) are adding new analytical
possibilities, making them very attractive to be used use in the whole value chain (e.g., objective
tools in blockchain and food traceability). The development of applications based upon vibrational
spectroscopy from the collection of the spectra is not insignificant, and it requires an understanding of
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the fundamentals of spectroscopy, data processing and analysis, sampling protocols, limit of detection,
among others, that will better accomplish the requirements for the target application.
Adapting and using advanced technologies (e.g., vibrational spectroscopy and chemometrics)
are promising ways to efficiently and reliably improve traceability in the food value chain towards
sustainability. These new tools (e.g., handheld instruments, hyperspectral imaging methods) will allow
the industry and researchers alike to move forward and develop novel applications that can address
the best management practices in the production, process and commercialisation of raw ingredients
and food products.
However, various hurdles still hinder the growth and development of vibrational spectroscopy
applications by the fish and seafood industries. Among them is the reluctance of the fish and seafood
industry to accept the incorporation of vibrational spectroscopy with new statistical tools such as
chemometric techniques as routine analytical or quality control methods. Furthermore, most of the
current courses and training programmes in food analysis and technology still focus on the so-called
classical approach, which do not incorporate several aspects related to new technologies, sensors and
programming in their curricula. The same can apply to research and other aspects of informal training
and extension [88]. It is in our view that the silo mentality [88] that still exists among the researchers in
the food industry is hindering the industry’s ability to exploit the full potential of chemometric systems.
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