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Abstract: In recent years, due to the globalization of food trade and certified agro-food products, the
authenticity and traceability of food have received increasing attention. As a result, opportunities
for fraudulent practices arise, highlighting the need to protect consumers from economic and health
damages. In this regard, specific analytical techniques have been optimized and implemented to
support the integrity of the food chain, such as those targeting different isotopes and their ratios. This
review article explores the scientific progress of the last decade in the study of the isotopic identity
card of food of animal origin, provides the reader with an overview of its application, and focuses
on whether the combination of isotopes with other markers increases confidence and robustness in
food authenticity testing. To this purpose, a total of 135 studies analyzing fish and seafood, meat,
eggs, milk, and dairy products, and aiming to examine the relation between isotopic ratios and
the geographical provenance, feeding regime, production method, and seasonality were reviewed.
Current trends and major research achievements in the field were discussed and commented on in
detail, pointing out advantages and drawbacks typically associated with this analytical approach and
arguing future improvements and changes that need to be made to recognize it as a standard and
validated method for fraud mitigation and safety control in the sector of food of animal origin.
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1. Introduction

In the past decades, there has been a substantial increase in the availability of food
sources, thanks to improved food production and convenient cross-border transportation.
As a result of the large supply and diversification of food products available on the market,
consumers have become increasingly inclined towards choosing the ones that are associated
with better quality attributes [1,2]. There are several interconnected reasons that explain
why an increasing number of consumers prefer food products that have distinct characteris-
tics, especially those that are strongly linked to a specific provenance. These reasons mainly
relate to the perception of the safety of such products, as well as to their importance in social
and cultural contexts [3]. In this setting, factors such as patriotism, skepticism towards
products of unknown or non-native origin, the connection between locally produced goods
and superior sensory qualities, and contemporary concerns regarding animal well-being
and environmental sustainability in the food industry are of extreme importance [4,5]. Be-
cause of this, producers have gained significant market recognition and charged premium
prices for products with distinctive geographic origins, while products of unknown origin
cannot actually command the same level of value [6,7]. Consequently, the opportunities
for abusers to take advantage of the economic gain from selling products marketed as
high-quality but lacking the declared quality attributes have grown exponentially [8].

Over time, the food supply chain has been impacted by a range of food frauds, which
include adulteration, counterfeiting, and imitation of popular brands, all with the goal of
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enhancing the perceived quality of products [2]. Nevertheless, this type of fraud has experi-
enced a reduction in recent years, whereas there has been a dramatic rise in the mislabeling
(absent, incomplete, or falsified labeling) of the country of origin and traceability issues
within the supply chain of food of animal origin [9]. Indeed, according to the European
Commission Knowledge Centre for Food Fraud and Quality, meat and seafood have been
among the most defrauded items within the initial quarter of 2023 [10]. Almost all the
fraudulent activities related to these products involved the lack of traceability documenta-
tion, with one major fraud incident in the UK meat sector involving the mislabeling of beef
from South America and Europe as “best British beef” [10].

Nowadays, the determination of food authenticity and the strengthen of food trace-
ability along the supply chain represent crucial issues for primary producers, the food
industry, and food authorities, as demonstrated by the promulgation of the European Reg-
ulation EC No. 178/2002 [11], which makes traceability compulsory for all food and feed
businesses, as well as by the Regulation (EU) 2017/625 [12], which laid the groundwork for
a risk-based control of the authenticity of foodstuffs by the implementation of standardized
and validated methods [8,13].

Over the years, many untargeted methods based on the fingerprinting or profiling of
multiple organic or inorganic food components have been developed [14]. Stable isotopic
ratio analysis, aimed at measuring the relative proportion of isotopes of both “light”
elements (H, C, N, O, and S) and “heavy” elements (Sr, Cd, Pb, etc.), has emerged as
one of the most promising techniques and has been used in food control since around the
1990s [15,16]. Recently, it has shown great potential in providing accurate information about
the dietary and environmental background of animals, starting to be successfully applied
to solve multiple authenticity issues, including the geographical origin and the production
method of different food of animal origin such as milk, dairy, meat, and seafood [7].

Several advantages can justify the rise of isotope ratio analysis in food authentication
studies, including its requirement for only a small sample amount and its high accuracy
and robustness. Isotopic ratios are generally not altered during the manufacturing process,
making the technique ideal for raw and processed foodstuffs as well [4,13]. However, it is
important to note that foods of animal origin are typically characterized by a much more
complex and varied isotopic profile compared to plant-based foods. This is because the
isotopic abundances in animal tissues and secretions are affected by several interconnected
factors such as their feeding habits, the trophic level, and the geoclimatic characteristics
of their area of provenance [6,17]. Furthermore, different tissues of the same animal
species and even different portions of the same tissue can vary widely in terms of isotopic
composition from one another due to their unique physiological and metabolic functions
and the different distribution of macromolecules such as lipids, proteins, and water (which
each have their own isotopic composition) [6]. Although these factors offer valuable
information for tracing the origin of animal-based food products, they can significantly
complicate the interpretation of the final results or yield multiple possible interpretations.

To address these limitations, researchers have begun to merge stable isotope ratios of
those elements mirroring the animals’ dietary background (such as C and N) with those
more strongly associated with climatic and pedological factors (H, O, and S) or with data
originating from other techniques. One strategy that has become increasingly prevalent
involves combining stable isotope ratios of C and N with multi-elemental profiles, which
provides complementary or synergistic information about the foodstuffs being studied and
leads to improved accuracy and specificity in discriminating the sample even on the basis
of complex authentication objective such as the geographical provenance [18,19].

The present review covers 135 research papers concerning the use of isotope finger-
printing as an authenticity and traceability tool for foods of animal origin, with a particular
focus on factors influencing the isotopic ratio values of different elements in fish, meat,
milk, and egg products. Advances in the field have been illustrated by analyzing from
time-to-time both successful and unsuccessful current applications of the technique and by
exploring the growing trend of incorporating isotopes with multiple markers. While the
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present review does not include a comprehensive explanation of the current instrumenta-
tions and methodologies used, interested readers can find more information by referring to
other extensive literature reviews [20–26].

2. A General Picture of Trends and Tendencies in Using Isotopic Ratios to Trace Foods
of Animal Origin

The 135 original research articles that make up the body of relevant literature consid-
ered in this review underwent a thorough analysis of trends in both temporal evolutions
over the last decade (2010–2022) and covered topics. Detailed information concerning
each article has been provided in Appendix A, where the literature, aggregated by food
macro-category, has been summarized in the following tables: Table A1 (applications of
isotope ratio analysis to fish and seafood), Table A2 (applications of isotope ratio analysis
to meat and meat products), Table A3 (applications of isotope ratio analysis to milk and
dairy), and Table A4 (applications of isotope ratio analysis to eggs).

Figure 1 depicts the frequency at which the isotope ratio analysis has been used to
trace and authenticate animal-derived food in the past 12 years. Fluctuations in patterns
depending on the specific food item being studied can be observed. Notably, interest in
studying fish and seafood has substantially risen since 2015, with 12 research papers pub-
lished on this topic in 2022 alone. On the other hand, research on meat and meat products
has shown a more stable pattern until recently, with a slight increase in publications from
2019–2020, followed by a decline in 2021–2022 (Figure 1). Important research gaps were
found for eggs, as they have only been studied twice in consecutive years and have not
been the focus of any research for the past 5 years (Figure 1).
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Figure 1. Trends over the last decade in research using isotope ratio analysis for authenticity and
traceability of different animal-based food products.

Figure 2 illustrates the proportion of the reviewed scientific literature across the
different food macro-categories, countries, specific food products, and countries. The data
indicates that Asian countries, followed by European ones, have been actively involved
in studying the isotopic ratios of different elements in fish and seafood. On the other
hand, research articles related to milk and dairy have been predominantly published in
Europe (particularly in Italy, Spain, and Greece), followed by Asia, with China displaying
an increasing interest in the field. As for meat and meat products, research efforts have been
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equally distributed between European and Asian countries, with significant contributions
also from South American countries (especially Brazil and Chile). In Africa, measuring
isotopic ratios for the traceability of meat was the only topic investigated, with a focus on
authenticating lamb meat (as discussed in subsequent chapters). Unsurprisingly, these
patterns were a clear reflection of the primary dietary habits, scientific expertise, and
primary food production orientation of each country.
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Figure 2. Alluvial plot depicting the frequency and patterns among food macro-categories, countries
of study, and specific food items across scientific literature dealing with the use of isotope ratio
analysis to assess authenticity and traceability of food of animal origin (the width of the nodes and
flows corresponds to the amount of published data).

Further analysis revealed that cow milk has been the most frequently studied food
item, followed by fish and cow cheese, while beef, pork, bivalve mollusks, and crustaceans
have received similar levels of attention from researchers (Figure 2).

In particular, by analyzing in detail the 47 research articles dealing with fish and
seafood, it emerged that fish has been the primary focus of the most recent literature (51%
of the reviewed articles), followed by crustaceans and bivalve mollusks (20% each), and
echinoderms (9%). Only two applications of isotope analysis were reported for cephalopod
mollusks (Table A1 and Appendix A), and one application was made to certify the geo-
graphical origin and the production method of novel foods like jellyfish [27]. In addition,
the majority of studies concentrated on fresh (unprocessed) fish and shellfish, with only
three studies attempting to authenticate seafood after industrial transformations such as
salting, smoking, and aging. The assessment of whether the original isotopic fingerprint
of fresh products, connected to traceability and other authentication issues, is retained,
or lost, during the transformation process is indeed the most challenging task. Globally,
the assessment of geographic origin has been the authenticity topic that has received the
most attention (89% of the reviewed articles), followed by the production method (30%),
farming method, and biological species identification (both 9%) (Figure 3A and Table A1,
Appendix A).
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Figure 3. Distribution percentages of authenticity and traceability topics covered by the 2010–2022
scientific literature dealing with the use of isotope ration analysis for various animal-derived
food products.

Among the 34 research papers on the use of isotopic analysis to assess the authenticity
and traceability of meat and meat products (Table A2, Appendix A), 41% focused on
bovine meat, 24% on sheep meat, 24% on pork, and 18% on poultry. Geographical origin
authentication has been the main research purpose in 78% of the reviewed articles, while
only 32% and 18% of the works dealt with the assessment of the feeding regime and
production method, respectively (Figure 3B). Globally, the origin of beef, pork, and sheep
meat was more often investigated than their production method or feeding regime, whereas
the origin and production method of poultry received similar attention. No studies were
found on biological species authentication (Table A2, Appendix A), likely due to the
fact that utilizing DNA-based methods would be more effective and straightforward for
this purpose.

With a total of 52 publications found, isotope ratio analysis to verify the authenticity
of milk and dairy products was found to be the subject that has undergone the greatest
research (Figures 1 and 2). Ninety percent of research applications were focused on cow
milk and cow dairy products due to their widespread dietary consumption, as well as
their major use in the production of derived products with recognized quality marks
such as the protected designation of origin (PDO) certification (Figure 3C and Table A3,
Appendix A). One out of every two studies on non-bovine dairy products focused on
sheep and goat cheeses, which require instruments for fraud protection due to their deeply
ingrained regional identity and history (Table A3, Appendix A). Even for milk and dairy,
more than 90% of the current research applications aim to discriminate samples based on
the country of origin, while the production method and the feeding regime together were
investigated in 52% of cases. The identification of the animal species from which milk and
cheese were produced as well as the production season together represented 30% of the
authentication topics.

3. Applications and Motivations of Stable Isotope Fingerprinting to
Animal-Derived Foods
3.1. Fish and Seafood

It is well known that the isotopic composition of fish tissues is the result of several
factors, such as the positions in food chains, the feed ingested throughout all life, kinetic
fractionation due to metabolism, and geographical origin [17,28]. In particular, values of
δ13C and δ15N in seafood are strongly influenced by the trophic position and feeding habits
of each species since they vary according to the type and availability of prey and vegetations
eaten by the animal, as well as the fractionation due to the metabolic processes that
propagates along the aquatic food web [29–31]. Therefore, δ13C and δ15N measurements
may be particularly useful to discriminate seafood according to the biological species,
especially marine predators, which are at the top of the trophic chain. Taking advantage of
this connection, Atlantic bluefin tuna (Thunnus thynnus), albacore (Thunnus alalunga), bullet
tuna (Auxis rochei), and Atlantic mackerel (Scomber scombrus) were discriminated against
each other by using δ13C and δ15N values, but it was necessary to include information
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derived from fatty acid composition to achieve satisfying results [32]. Similar to this, the
integration of δ13C and δ15N with concentrations of toxic metals such as As, Cd, Hg, and
Pb, has been confirmed as a powerful tool also for the accurate discrimination of eleven
different freshwater fish species [33] and, at lower trophic levels, also of seven different
shrimp species [34].

Since the diet composition of fish is unique to each living environment, values of δ13C
and δ15N have also been used as markers for identifying the geographic origin of various
fish species. The fact that δ15N may be influenced by local environmental parameters, such
as water salinity and human inputs from agricultural runoff or wastewater treatment, lent
more credence to this argument [33] to the point that the vastest body of literature has been
focused on this authenticity topic (Figure 3A and Table A1, Appendix A). Additionally,
from the reviewed research studies, it appeared that δ13C and δ15N are more informative
of geographical origin than biological species, and they seem to work on any kind of
seafood, including crustaceans, echinoderms, bivalve mollusks, and cephalopod mollusks
(Table A1, Appendix A). It should be noted, however, that the resolving power of δ13C
and δ15N alone was rarely reported as being high enough to perfectly discriminate the
samples since the good results achieved were primarily the consequence of the additional
information provided by the coupling with other biological indicators. Among these,
poor attention has been paid to the coupling of δ13C and δ15N with the specific group of
elements corresponding to rare earth elements, although these were reported as emerging
authenticity indicators of food provenance [16]. Indeed, rare earth element profiles of fish
tissues strongly reflect those of the local marine environment, which, in turn, is influenced
by the geology of the underlying soil [16,28]. Rare earth element concentrations in the
environment are also stable over years, and this makes them particularly attractive markers
of geographical origin. Within this framework, we previously demonstrated an important
contribution of δ13C, δ15N, La, and Ho in the discrimination of sea bass samples from three
neighboring fishing areas located in the Mediterranean Sea [28].

Compared to δ13C and δ15N, the isotopic abundances of H, O, and S (δ2H, δ18O, and
δ34S) in fish tissues have a more direct relationship with the geographical provenance. As a
matter of fact, the tissues of animals assimilate H atoms from the surrounding water and
their diet, with a gradual enrichment in 2H along the aquatic food chain [35]. In contrast,
δ34S is associated with the biogeochemical sulfur cycles and does not fractionate within
the aquatic food chain [36]. The values of δ18O in seawater depend on the salinity, the
composition of the water mass, and the rate of surface evaporation, with enrichment rising
steadily from higher to lower latitudes [37]. Despite this link, only a small number of studies
have evaluated the δ2H, δ18O, and δ34S isotopic fingerprints for the verification of the
geographical origin of mussels [38], clams [36,39], sea bass [30], and seawater/freshwater
salmonids [40,41]. In this setting, it emerged that these isotopic signatures were effective
in revealing not only the geographical provenance, but also the production method of the
products [40,41].

It is important to note that, at present, assessing the geographical origin of fish and
seafood is a complex undertaking, fraught with numerous challenges, particularly when
investigating species with intricate life histories and ecological roles, such as top preda-
tors and anadromous species [42]. These species undergo significant changes in their
feeding habits and habitats throughout their lives, transitioning to environments with
distinct isotopic characteristics. Consequently, prior to reaching an equilibrium state with
the new system, their tissues may contain a very complex isotopic signature, leading
to significant challenges in interpreting and accurately determining their geographical
origin [6,42]. Within this context, a potential groundbreaking approach, called the “iso-
topic clock” [43], holds promise for overcoming these complexities. The isotopic clock
method relies on the principle that different tissues within the same specimen have varying
metabolic turnover rates, which means they adjust to dietary isotopic changes at different
speeds [43,44]. Consequently, by examining isotopic signatures from multiple tissues of
fish and developing a calibrated model based on the timing of environmental or dietary
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shifts, it may become possible to overcome factors that complicate the identification of
the geographical origin. The isotopic clock approach holds significant potential in enhanc-
ing the precision of tracking particular fish species, underscoring the need for extensive
research into its application within the field of food authentication.

Interestingly, Chen et al. [45] and Thomatou et al. [46] analyzed the stable isotopic
composition of the highly valuable mullet (Mugilidae fish family) roes, which are produced
from salt-drying of mullet eggs. Despite the products being processed, the authors verified
that isotopic information of the raw material was maintained, allowing for the identification
of the final products by their geographical origin and production method.

Probably due to analytical issues, the evaluation of higher mass isotopes is not common
in literary works, and it is mainly limited to the evaluation of Sr (87Sr/86Sr) and Nd
(143Nd/144Nd) ratios. In particular, Nd isotopes are a great promise for seafood traceability
since they are not subjected to fractionation along the trophic chain and exhibit a diverse
pattern based on provenances, thus being optimal candidates as unique tracers of origin [36].
The usefulness of 87Sr/86Sr and 143Nd/144Nd has been proven so far only for bivalves like
mussels [47] and clams [36,39,48].

Finally, from the study conducted by Won et al. [36] and other studies focused on
the origin traceability of bivalves [49–51], an oddity that emerged was the choice of the
adductor muscle as the subject of isotopic analysis. This strategy deserves to be further
explored in the future, because the adductor muscle, as opposed to the mantle, gonads,
or digestive glands, is reported to have a slower turnover and a lower lipid content, thus
better representing the long-term metabolic status of the mollusks [51,52].

3.2. Meat and Meat Products

Isotopic ratios of C and N in animal tissues have a close connection to the type of feed
and water that the animal consumes during its life. In fact, fodder plants characterized by
C3 photosynthetic pathways (rice, wheat, soybeans, rye, barley, potatoes, sugar beet, and
common grass in temperate zones) have greater negative δ13C values than CAM plants
(succulents) and C4 plants (maize, sorghum, sugarcane, and common grass in tropical
zones) [53]. The carbon isotopic signature is therefore particularly useful for distinguishing
the feeding patterns of livestock and pinpointing the geographic origin of animals fed
on local grass [7,53]. This evidence served as the foundation for the findings of Rhodes
et al., who were able to verify the authenticity of poultry labeled as corn-fed by relying
solely on δ13C as a reliable marker of the animal’s dietary status [54]. Meat from lambs
that were fed legume-rich diets was also identified with an accuracy of 88% due to the
decreasing δ15N values that were observed as the proportion of alfalfa administered to the
animals increased [55]. In addition, the combined use of δ13C and δ15N was effective in
identifying the geographical origin of meat. For instance, when examining beef burgers
from a multinational fast-food chain and distributed in 26 countries around the world, δ13C
and δ15N values were found to range from 25.4‰ to 11.1‰ and 5.9‰ to 7.3‰, respectively,
with samples from higher latitude countries showing lower δ13C values than those from
lower latitude countries [56]. These findings suggested that this method can be useful for
verifying the authenticity of even highly processed food products, but only when applied to
samples collected from geographically distant locations and mainly due to the contribution
of δ13C. Indeed, when attempting to identify the origin of meat on a smaller scale (such
as different regions within the same country) and using the sole δ15N indicator, the same
method was unsuccessful [57,58].

To address authenticity concerns about geographical origin, some authors measured
isotopic ratios of H, C, N, O, and S simultaneously. The δ2H and δ18O in animal tissues are
influenced not only by the diet, but are also directly subjected to strong seasonal effects,
as well as geographic latitude and altitude effects. H and O are indeed mainly sourced by
the animal from the drinking water, whose isotopic composition, in turn, derives mainly
from those of precipitation and subsoil waters [59–61]. Indeed, it has been reported that
precipitation waters fallen during the winter season, and at increasing latitude and altitude,



Molecules 2023, 28, 4300 8 of 26

tend to show more negative δ2H and δ18O values [62]. The S isotopic signatures of animal
tissues have a stronger link with the characteristics of the soils where the plants used as feed
were grown, and vary according to natural mineral compositions, soil microbial activities,
and distance from the sea [63–65].

Using the complementary information provided by all the light stable isotope ratios, it
was possible to distinguish beef from nine different European and non-European countries
with an accuracy of 82%, as well as to achieve a perfect accuracy of 100% for identifying
Irish pasture-fed beef [66]. Additionally, the use of all light stable isotope ratios enabled the
small-scale classification of lamb samples from distinct regional farming systems in Tunisia
with an overall accuracy of 94%. Of all the isotopic ratios, δ34S was the most effective in
distinguishing lamb types, as it served as a clear “coastal” signal due to the influence of the
so-called sea-spray effect [65].

Isotope ratio analysis has useful and compelling applications also for tracing dry-cured
hams. According to Perini et al., the isotopic variations observed between Italian protected
designation of origin (PDO) and Spanish hams can be mainly ascribed to the isotopic
makeup of meteoric water and the amount of C4 plants in the animals’ diet. However,
the researchers also observed that the different duration of the ripening–drying phase of
the tested products resulted in different O enrichments and S and H depletions in the
protein fraction, along with H enrichments in the marbling fat. This result suggests that a
non-negligible impact of the processing method on the final isotopic profiles of the products
may actually exist [67]. Interestingly, 87Sr/86Sr can also be considered a useful parameter
to trace back European hams from Spain, Portugal, France, and Italy, where the 87Sr/86Sr
composition of the salt used in the manufacturing process seems to have a crucial role [68].
However, despite the valuable insights that can be gained about the soil properties of the
studied area from the 87Sr/86Sr ratio, this indicator is not commonly utilized, likely due to
the requirement for costly, specialized equipment and extensively trained staff [69].

Out of all animal-based foods that were studied, only meat and meat products un-
derwent analysis of a wide range of isotopes of heavier elements for traceability purposes,
but examples remain confined to only a handful of applications (Table A2, Appendix A).
Based on the hypothesis that the Pb isotope signature of livestock could indicate the in-
teraction of the animal with the environment and that Pb fractionation due to biological
processes is negligible [4], British mutton, cow, and chicken samples were authenticated by
measuring the four naturally occurring Pb isotopes and five of their ratios (206Pb/204Pb,
207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb, 208Pb/206Pb) [70]. The authors ruled out the impact
of tetraethyl anthropogenic Pb and confirmed that the Pb isotopic signature in the animal
muscle was due to geogenic exposure [70]. Additionally, several isotopic ratios of other
elements—including Ag, B, Cd, Cr, Cu, Ga, Li, Ni, Mo, Sr, and Zn—were identified as
useful tracers for determining the origin of pork meat and pork belly fat from various coun-
tries [71,72]. The encouraging outcomes imply that the novel approach of measuring ratios
of stables or radiogenic isotopes of heavier elements warrants an additional exploration
in the coming years and deserves to be applied to other animal-derived foods to establish
innovative means for verifying their provenance.

Finally, it should be emphasized that the variation in isotope ratios within different
muscle and tissue types of the same animal had not been adequately addressed in previous
studies. This lack of understanding could pose a challenge to accurately interpreting
isotopic profiles and making direct comparisons between samples. Therefore, further
research on this subject should be greatly encouraged.

3.3. Milk and Dairy Products

One noteworthy difference between the isotope research on milk and meat or fish
is that in the former, there has been a greater emphasis on measuring isotopic ratios on
isolated macro-fractions (e.g., lipids, water, casein, and whey) or even individual molecules
(single fatty acids and amino acids) using the so-called compound-specific isotope analysis
(Table A3, Appendix A). This approach is often preferred over bulk isotope analysis of
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a whole sample because it eliminates variations in stable isotope ratios that naturally
exist between different fractions of the sample. To give an illustration, analyzing the bulk
isotopic composition of milk from different sources of the same type may yield inaccurate
results in terms of δ13C values, since protein is significantly enriched in 13C compared to
lipids. As a result, due to compensation effects arising from natural variations in the protein
and lipid content, the δ13C values may not show significant differences related to sample
origin among the milk samples, even though the differences actually exist. Consequently,
to ensure the reliable and consistent classification of samples for a specific authentication
purpose, it is better to analyze the isotopic values of either the lipid or protein fraction,
as this would yield more consistent and comparable results. The majority of the studies
mentioned below analyzed the stable isotope ratios of separated components, such as
casein, glycerol, lactose, fat, whey, water, or glycerol, in both milk and cheese samples.

As for meat, carbon isotopes in milk are mainly related to the specific C3, CAM, or C4
photosynthetic pathways of the plant supplied as feed [20,73]. The δ13C values of plants
tend to be reflected in milk, thus providing direct information on the specific husbandry
practices and production method used for breeding, but also indirect information about the
geographical origin (provided that cattle are fed with local feedstuffs) [74–76]. For instance,
δ13C alone allowed for the differentiation of organic cow and buffalo milk from conventional
milk, providing the advantage of not being fractionated throughout the production process
and, therefore, being useful also as a marker for organic cheeses [74–76]. Since δ15N values are
typically lower in milk from cows fed a high concentration of feed and raised on synthetic
fertilizer-treated soils [77], δ15N has also demonstrated good potential as an authenticity
marker of organic dairy [78–81], to the point that a threshold value of δ15N ≤ 5.5‰ in
the defatted dry matter to uniquely identify organic productions has been proposed [81].
By combining the chemical information enclosed within δ13C and δ15N values of milk
produced in a specific geographic region from animals following a well-defined diet, the
possibility of discriminating between high-value PDO cheeses and non-PDO cheeses was
also proved [76,82–84]. Scampicchio et al. are credited with one final interesting use
of the C and N isotopic signatures to verify milk in accordance with the manufacturing
process [85]. The authors stated that the technological processing, such as the conventional
heat processing, is responsible for the decrease of δ15N values in the whey fraction and
their increase in the fat fraction of pasteurized and ultrahigh-temperature processed milk,
making it feasible to use this information to detect the treatments applied to commercial
milk [85].

Sources of H and O isotopes in milk are the same as those reported for meat, being
strongly related to the isotopic composition of drinking water and, in turn, varying accord-
ing to seasonality, latitude, and altitude [59,60,62]. Evidence of the transfer of the isotopic
composition of meteoric waters to milk was provided by Behkami et al., according to whom
a strong positive correlation between δ2H and δ18O values of cow milk with those of the
rain exists [86]. The authors also found that the latitude of the sampling site can also affect
the C and N isotopic distribution of the milk to the point that, when coupled with δ2H and
δ18O, milk samples can be discriminated based on their geographical origin.

The effect of altitude on δ δ2H and δ18O dairy composition has also been successfully
exploited to authenticate different mountain cheeses according to the altitude of the alpine
environment [87]. On the other side, δ18O values in animal secretions also vary depending
on the species. This variation results from the physiological water balance of the animal and
is caused by evapotranspiration, which determines different water isotope fractionations
in body fluids [59,88,89]. As a result, cow milk was found to have lower δ18O values than
sheep and goat milk [59], opening possibilities for its use in the future to identify milk
adulteration by mixing milk from different animal species.

The Sr isotope composition of milk has been linked to the geological background of its
origin and the drinking water supplied to the animal [90,91]. This composition remains
unchanged even after food processing [92], making it an effective way to trace country-
specific information, even in highly processed foods like infant formula milk powder [93].
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However, only four recent studies dealing with the measurement of 87Sr/86Sr in dairy
were found, and these studies mainly attributed their results to the combination of Sr with
other isotopic and/or elemental markers through chemometrics [77,90,93,94]. For instance,
the possibility of discriminating with high specificity and accuracy between artisanal and
commercial goat cheeses from Canada and Europe was achieved through a combination of
the climate-sensitive δ18O and geology-sensitive 87Sr/86Sr values [77].

As discussed in previous chapters, S isotopes are strongly related to the geological
characteristics of the soils. Nevertheless, relying solely on δ34S values to determine the
specific geographical origin of animal-derived food might not be dependable because the
feeding patterns can create overlapping and confusing isotopic fluctuations, even in milk.
This is exemplified by the fact that milk from cows receiving the most concentrated diet had
an average δ34S value of 5.47‰, while milk from cows fed mostly grass had an average δ34S
value of 6.62‰ [95]. Notwithstanding this limitation, several attempts at using δ34S value
to identify the country of origin of milk and dairy products from different animal species
have been made. However, it is significant to note that the authors did not attribute the
positive results solely to S as a geographic determinant. Instead, they mainly based their
conclusions on the combined analysis of other stable isotope ratios and/or multi-element
profiles (Table A3, Appendix A), where δ34S had no impact [96,97] or little bearing on the
geographical discrimination [84,98,99].

The above description and Table A3 (Appendix A) suggest that relying solely on stable
isotope ratio analysis may not always provide satisfactory results in terms of discrimination
power due to the possible overlaps of isotopic signatures among different geographical
areas or production systems. Therefore, the integration of multiple analytical techniques
was often recommended to improve the reliability and accuracy of milk authenticity control.
In addition to elements and fatty acids, other markers have been proposed to enhance the
accuracy of milk authenticity discrimination. Within this context, it was demonstrated
that the fusion of data from stable isotope ratio analysis with multielement fingerprinting
and fatty acid profiling can allow for the discrimination of milk samples from Australia,
New Zealand, and Austria, with optimal results achieved when considering δ15N, δ18O,
As, Ba, Ca, Cs, Eu, K, Mo, Rb, Sc, Sr, Tl, C20:4n6, C13:0, and C16:1n7 simultaneously [100].
Similarly, a study conducted by Xie et al. suggested that a combination of nutritional
parameters (amino acids) and geographical parameters (stable isotopes and elemental
analysis) is the best choice to distinguish milk from very small-scale regions [101]. Based
on the same principle, Erich et al. demonstrated that combining the outputs of various
data sources, including NMR spectroscopy, stable isotope ratios, fatty acid profiles, and
α-linolenic acid content, can provide a more efficient differentiation between conventional
and organic milk [102].

3.4. Eggs and Egg Products

Researchers have shown very little concern for verifying the authenticity and trace-
ability of eggs (Table A4, Appendix A), even though these products are highly susceptible
to fraud because of false claims about their production methods, such as those declaring
organic, free-range, or non-GMO feed production methods.

Rogers et al. monitored C and N isotopic distributions in egg whites from The
Netherlands and New Zealand for over seven years in order to discriminate between
conventional and organic egg farming systems. The authors found that both organic and
conventional eggs from The Netherlands were characterized by lower δ15N values than
those from New Zealand, because in the former no fishmeal or meat and bone meal were
used. Based on this result, they suggested establishing critical δ15N values to certify organic
eggs of at least 4.8‰ and 6.0‰ for Dutch and New Zealand products, respectively [103].

The possibility of discriminating the pigment type added to poultry feedstuffs and
transferred to eggs was also investigated through the determination of δ13C and δ15N. An
enrichment of δ13C values of the yolk was observed only with increasing maize content in
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the diet, while the addition of carophyll red, carophyll yellow, or a combination of both
pigments had no impact [104].

In summary, due to the limited availability of isotopic data on eggs, it is crucial to
collect more information on this subject. Therefore, it is highly recommended to conduct
further investigations to fill this knowledge gap and enhance the understanding of their
applicability for traceability purposes.

4. Charting Future Research Directions

As emerged from the reviewed body of literature, stable isotopes, especially those
of light elements and, to a lesser extent, heavier elements, can be considered a powerful
biological, ecological, and geochemical indicator of several quality features of food of
animal origin [36].

Probably the most significant benefit of using isotopic ratios is their consolidation
within the international scientific community and its good standardization by international
organizations, which can ensure reliable and consistent results and make it possible for reg-
ulatory agencies to adopt them as an official method for food authenticity and traceability
assessment. On the other hand, the high costs of the available equipment make the method
only accessible to a few advanced research laboratories and almost non-existent in routine
analysis laboratories. This inevitably results in a reduction in the volume of data generated
and in a slowdown in the advances of knowledge in the field.

Research applications of stable isotope ratio analysis for multi-purpose authenticity
testing suggest that the method tends to show better performances for origin discrimination
rather than species or production method/farming system discrimination. However, this
outcome can be interpreted with greater confidence only when the discrimination by
geographical origin was addressed to wild animals, and, therefore, it is mainly applicable
to fish and seafood. Indeed, isotopic ratios can have poor discrimination power or lead to
inconclusive results when used alone to assess the geographical provenance of meat, milk,
and eggs. Since these products derive from livestock animals that have potentially received
the same internationally marketed feeds, any isotopic differences that would indicate their
origin may be masked or indistinguishable [18].

To avoid drawing biased conclusions regarding the efficacy of stable isotopes in
identifying the source of origin, it is also necessary to clarify that in numerous instances,
distinguishing between fish, meat, and milk in research has been accomplished through
a combination of stable isotope ratios and profiles of multi-elemental profiles. Although
using multiple discriminatory variables may seem advantageous, the flip side is that it
can be challenging to implement these techniques in routine analysis due to the expensive
instrumental equipment, the lengthy analysis times, and the complexity of applying suitable
chemometric methods to process and merge vast and diverse analytical data. To partially
overcome these limitations, a highly effective and practical approach would be to narrow
down the field of analysis and solely concentrate on the combination of variables that
possess the strongest discriminatory power. This approach would optimize both the
technical and economic aspects of the entire workflow, while retaining or even increasing
the accuracy and sensitivity of the measurements thanks to the elimination of noisy and
redundant data. In this context, merging stable isotope ratios of light elements with a
limited group of elements (such as rare earth elements) or isotope profiles of high-mass
elements (such as Pb isotopes), measured all together by analytical systems able to provide
in situ and spatially resolved information, may represent an important step forward.

Research on isotopic tracers in the near future is expected to provide various benefits
and challenges. However, it is crucial and urgent for researchers and interested parties to
collaborate in creating comprehensive reference databanks collecting isotopic and elemental
maps of food. Despite that ensuring thorough coverage and continued maintenance over
time is a difficult task [105], reference databanks would represent a significant breakthrough
in combating food fraud and ensuring food safety and authenticity.
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5. Materials and Methods

The search strategy adopted to gather and analyze the relevant literature for this
review article included the collection of articles from ScienceDirect and Web of Science
databases, limiting the search to sources published between 2010 and 2022. The search
terms that were used included “fish”, “seafood”, “crustaceans”, “mollusks”, “shellfish”,
“meat”, “animal by-products”, “offal”, “pig”, “pork”, “calves”, “bovine”, “cattle”, “poul-
try”, “chicken”, “ovine”, “caprine”, “lamb”, “goat”, “milk”, “dairy”, “cheese”, or “eggs”,
coupled with “food fraud”, “authenticity”, “traceability”, “geographical origin”, “farming
system”, “production method”, “discrimination”, or “characterization”, and with “iso-
topes”, ‘light element isotopes”, “heavy element isotopes”, “isotope ratios”, or “isotopic
fingerprint”. Initially, the search encompassed honey as well. However, upon review, it was
decided to remove this food item from consideration. This decision was made primarily
because the main literature focus was on evaluating adulteration rather than aspects related
to authentication by geographical origin, production method, and traceability. Each article
was screened for its relevance to the topic of this review by examining the title and the
abstract. A total of 135 relevant sources were therefore selected. Full texts were then down-
loaded, and important data were extracted and summarized in a standardized data form, in
which information concerning the authors, publication year, country, food macro-category,
specific food product, analyzed tissue, sample size, measure isotopes, and other measure
markers were annotated. Based on this information, specific research trends and patterns
were identified and summarized in Tables A1–A4 of Appendix A. A narrative synthe-
sis of the findings was conducted through the main text by reporting the most relevant
research articles.

6. Conclusions

A wide range of environmental and biological factors affect the isotope abundances of
light and heavier elements in animal tissues and secretions, leading to a unique fingerprint
that can be used to identify food frauds affecting the animal-derived food chain. Following
the current research developments in the field, the geographical origin, the animal diet,
and the production system (organic/conventional, wild/farmed) of a variety of animal
food products such as milk and dairy, meat, fish and seafood, and eggs, can be identified
by using stable isotopic ratios of light elements. Nevertheless, the combination with other
inorganic markers seems to be necessary to increase robustness in contrasting confounding
results.

It is expected that advances in analytical technologies and big data handling would
help the creation of comprehensive isotopic maps of foods, whose dissemination through
comprehensive databanks would mark a significant milestone in modern animal-derived
food traceability systems. This would improve the efficiency of food inspection and control
procedures, assure a higher food safety standard, enhance transparency and regulatory
compliance of foodstuffs, and, finally, contribute to preserving the integrity of the food
supply chain.

Author Contributions: Conceptualization, S.G. and E.Z.; methodology, M.O.V., M.S. and M.C.;
software, M.S. and M.C.; formal analysis, A.I. and M.C.; resources, M.S. and M.C.; data curation, A.I.
and M.O.V.; writing—original draft preparation, M.S. and M.O.V.; writing—review and editing, S.G.,
E.Z. and A.I.; supervision, S.G. and E.Z.; project administration, S.G., E.Z. and A.I. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2023, 28, 4300 13 of 26

Sample Availability: Not applicable.

Appendix A

Table A1. Works published within 2010–2022 dealing with the authenticity verification of fish and
seafood using isotope ratio analysis.

Product Tissue Purpose * Isotopes Other Markers Ref.

Cnidarian

Flame jellyfish (Rhopilema esculentum),
Nomura’s jellyfish (Nemopilema nomurai) Bell tissues GO, PM δ13C, δ15N Fatty acids [27]

Crustaceans

Swimming crab (Portunus trituberculatus)
Gills, claw,

hepatopancreas,
abdominal muscle

GO δ13C, δ15N
Na, Mg, Al, K, Mn, Fe, Co,
Cu, Zn, As, Se, Rb, Ag, Ba [31]

Louisiana crawfish (Procambarus clarkii) Abdominal muscle GO δ13C, δ15N
Na, Mg, Al, K, Ca, Mn, Zn,
Cu, Fe, Sr, Ba, As, Se, Cd [106]

Pacific white shrimp
(Litopenaeus vannamei) Muscle PM, FR δ13C, δ15N - [107]

Black tiger prawn (Penaeus monodon) Abdominal muscle GO, PM δ13C, δ15N

Mg, Al, Si, P, S, Cl, K, Ca, Ti,
Cr, Mn, Fe, Ni, Cu, Zn, As,
Se, Br, Rb, Sr, Y, Zr, Cd, Sn,
Sb, Nd, Hf, Pb, Bi, At, U

[108]

Chinese mitten crab (Eriocheir sinensis) Muscle GO δ13C, δ15N
Na, Mg, Al, K, Ca, Mn, Cu,

Zn, Sr, Ba [109]

Pacific white shrimp (Litopenaeus
vannamei) Muscle GO δ13C, δ15N - [110]

Shrimp (Penaeus monodon, Litopenaeus
vannamei, Fenneropenaeus indicus,

Fenneropenaeus merguiensis, Farfantepenaeus
notialis, Pleoticus muelleri, Pandalus borealis)

Muscle GO, PM, SP δ13C, δ15N Pb, Cd, As, P, S [34]

Shrimp (Pandalus borealis, Marsupenaeus
japonicus, Fenneropenaeus chinensis,

Litopenaeus vannamei, Penaeus monodon,
Solenocera crassicornis)

Muscle GO δ13C, δ15N
Cytochrome oxidase

I (COI) [111]

Tiger prawn (Penaeidae family) Muscle, chitin,
recovered water GO δ2H, δ13C δ15N,

δ18O

Li, B, Al, Ti, V, Mo, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Se,

Sr, Cd, Hg, K
[112]

Echinoderms

Sea urchin (Mesocentrotus nudus) Gonads, spines GO δ13C δ15N, δ18O [113]

Sea cucumber (Apostichopus japonicus) Body wall GO δ13C, δ15N
Ba, Li, Ca, K, Na, Mg, Al,

Fe, Mn, Cu, Zn, Se, Cr, Co,
Ni, As, Sr, Cd, Pb, Sn, V, Ag

[114]

Sea cucumber (Apostichopus japonicus) Body wall GO, PM δ13C Amino acids [115]

Sea cucumber (Apostichopus japonicus) Body wall GO δ13C, δ15N Fatty acids [116]

Fish

Flathead grey mullet (Mugil
cephalus)—salted/dried Roes (ovaries) GO δ13C, δ15N δ34S - [46]

Silverfish (Trachinotus ovatus) and silver
pomfret (Pampus argenteus) Muscle GO δ13C, δ15N

K, Ca, Na, Al, Ti, Mn, Fe,
Cu, Zn, Se, Rb, Sr, and Sn [117]

Flathead grey mullet (Mugil
cephalus)—raw, salted/dried Roes (ovaries) GO, PM, SP δ13C, δ15N DNA/RNA [45]
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Table A1. Cont.

Product Tissue Purpose * Isotopes Other Markers Ref.

Atlantic salmon (Salmo salar), rainbow
trout (Oncorhynchus mykiss) Muscle GO, PM δ2H, δ18O - [41]

Atlantic bluefin tuna (Thunnus thynnus),
albacore (Thunnus alalunga),

bullet tuna (Auxis rochei), Atlantic
mackerel (Scomber scombrus)

Muscle GO, SP δ13C, δ15N
Mitochondrial DNA, fatty

acids [32]

European sea bass (Dicentrarchus labrax) Muscle GO, FS δ2H, δ13C, δ15N,
δ18O

- [30]

Black carp (Mylopharyngodon piceus), silver
carp

(Hypophthalmichthys molitrix), grass carp
(Ctenopharyngodon idella),

common carp (Cyprinus carpio)

Muscle PM, FS δ13C, δ15N

Li, Be, Na, Mg, Al, K, Ca, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, Rb, Sr, Mo, Ag, Cd, In,

Cs, Ba, Tl, Pb, Bi

[118]

European sea bass (Dicentrarchus labrax) Muscle GO, PM δ13C, δ15N La, Eu, Ho, Er, Lu, Tb [28]

European eel (Anguilla anguilla) Muscle GO, FS, FR δ13C, δ15N Fatty acids [119]

Crucian carp (Carassius carassius),
snakehead (Channa argus), carp (Cyprinus

carpio), silver carp (Hypophthalmichthys
molitrix), weever (Lateolabrax japonicus),

redeye mullet (Liza haematocheila),
wuchang (Megalobrama amblycephala),
flathead grey mullet (Mugil cephalus),
yellow catfish (Pelteobagrus fulvidraco),

catfish (Silurus asotus),
javelin gobi (Synechogobius hasta)

Muscle SP δ13C, δ15N As, Hg, V [33]

Atlantic salmon (Salmo salar) Pacific
salmon

(Oncorhynchus gorbuscha, Oncorhynchus
nerka)

Muscle GO, PM, FR δ13C, δ15N
Phe, Lys, Leu, His, Gly, Asx,

Ser [120]

Rainbow trout (Oncorhynchus mykiss) Muscle GO, FR δ2H, δ13C, δ15N,
δ18O, δ34S

- [40]

European sea bass (Dicentrarchus labrax) Muscle GO, PM, FS δ13C, δ15N
Biometric traits, fatty acids,

elements [121]

Hake (Merlucciidae family) Muscle GO δ13C, δ15N - [122]

Largemouth bass (Micropterus salmoides) Muscle, liver FR δ2H, δ18O - [123]

Meagre (Argyrosomus regius) Muscle PM δ13C, δ15N
Moisture, fatty acids, S, Cl,
K, Ca, Fe, Zn, As, Se, Br, Sr [124]

European sea bass (Dicentrarchus labrax) Collagen (scales) GO δ13C, δ15N - [125]

Atlantic salmon (Salmo salar), Pacific
salmon (Oncorhynchus nerka),

Brown trout (Salmo trutta)*—* Raw,
smoked, graved

Muscle PM δ13C, δ15N Lipid content, carotenoids [126]

Croaker (Micropogonias furnieri) Muscle GO, SEAS δ13C, δ15N
Moisture, protein content,
lipid content, S, Cl, K, Ca,
Fe, Zn, As, Se, Br, Sr, Hg

[127]

Mackerel (Scomber japonicas), Yellow
Croaker (Larimichthys

polyactis, Larimichthys crocea), pollock
(Theragra chalcogramma)

Muscle GO δ13C, δ15N - [128]

Hairtail (Trichiurus japonicus, Trichiurus
lepturus) Muscle GO δ13C, δ15N Cytochrome oxidase I (COI) [111]

Atlantic cod (Gadus morhua) *, saithe
(Pollachius virens)*—*salted Muscle, bone, skin SP δ13C, δ15N - [129]
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Table A1. Cont.

Product Tissue Purpose * Isotopes Other Markers Ref.

Sea bream (Sparus aurata) Muscle GO δ13C, δ15N
RNA, DNA,

cytochrome-c-oxidase,
citrate synthase,

[130]

Cachara (Pseudoplatystoma fasciatum) Muscle PM, SEAS δ13C, δ15N
Protein content, lipid
content, ash, moisture [131]

Mollusks

Manila clams (Ruditapes philippinarum) Soft tissue, shell GO δ13C, δ15N, δ18O
δ34S, 87Sr/86Sr,

- [39]

Manila clams (Ruditapes philippinarum) Adductor muscle GO δ13C, δ15N Fatty acids [51]

Manila clams (Ruditapes philippinarum) Soft tissue GO 143Nd/144Nd - [48]

Mediterranean mussel (Mytilus
galloprovincialis) Soft tissue, shell GO δ13C, δ15N

B, Al, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Cd, Ba,

Pb
[29]

Mussels (Mytilus edulis) Soft tissue GO δ2H, δ13C, δ15N,
δ18O

- [38]

Manila clam (Ruditapes philippinarum) Soft tissue, shell GO δ13C, δ15N - [132]

Manila Clams (Ruditapes philippinarum) Adductor muscle GO

δ2H, δ13C, δ15N,
δ18O δ34S,
87Sr/86Sr,

143Nd/144Nd

- [36]

Mussels (Mytilus spp.) Shell GO 143Nd/144Nd - [47]

Yesso scallop (Patinopecten yessoensis) Adductor muscle GO δ13C, δ15N
Ala, Gly, Val, Leu, Ser, Phe,

Fuc, Rha, Glc, Man [50]

Scallops (Patinopecten yessoensis, Chlamys
farreri, Argopecten irradians) Adductor muscle GO δ13C Fatty acids [133]

Octopus (Octopus berrima, Octopus pallidus,
Octopus pallidus,

Amphioctopus aegina)
Soft tissue GO δ13C, δ18O

Al, Si, P, S, Cl, K, Ca, Ti, V,
Cr, Mn, Fe, Ni, Cu, Zn, As,
Br, Rb, Sr, Y, Zr, Sb, Ba, Ce,

Sm, Pb

[134]

Jumbo squid (Dosidicus gigas) Soft tissue,
cartilage GO δ13C, δ15N Fatty acids [135]

* GO = geographical origin; FR = feeding regime; FS = farming system; PM = production method; SEAS =
seasonality; SP = species.

Table A2. Works published within 2010–2022 dealing with the authenticity verification of meat and
meat products using isotope ratio analysis.

Product Tissue Purpose * Isotopes Other Markers Ref.

Bovine

Zebu Muscle (Longissimus thoracis) GO, PM δ2H, δ13C, δ15N, δ18O, δ34S Fatty acids [136]

Yak Muscle (back, hip leg) GO δ13C, δ15N, δ34S - [137]

Beef Bone GO δ13C, δ15N, δ18O
Na, Mg, K, V, Cr, Mn, Fe, Co, Ni, Zn,

Se, Sr, Mo, Sn, Ba, Pb,
Th, U

[138]

Beef Kidney, liver GO
206Pb/204Pb, 207Pb/204Pb,
08Pb/204Pb, 207Pb/206Pb,

208Pb/206Pb
-

Beef Muscle GO δ13C, δ15N
Be, Na, Mg, K, Ca, Ti, V, Mn, Fe, Co,

Ni, Cu, Zn, Ga, Se, Rb,
Sr, Zr, Mo, Sn, Sb, Ba, Bi

[139]

Beef—processed Muscle FR δ13C, δ15N - [140]
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Table A2. Cont.

Product Tissue Purpose * Isotopes Other Markers Ref.

Beef Muscle (rib) FR δ13C, 14C - [141]

Beef Muscle (patties) GO δ13C, δ15N - [56]

Beef Muscle GO, FR δ2H, δ13C, δ15N, δ18O, δ34S - [61]

Beef Muscle FR δ2H, δ13C, δ15N, δ18O, δ34S [66]

Beef Muscle (neck) GO δ13C, δ15N, δ18O, δ34S, 87Sr/86Sr

Li, B, Na, Mg, Al, K, As, Fe, Ca, V,
Mn, Co, Ni, Cu, Zn, Ga, Se, Rb, Sr,

Mo, Cd, Cs, Ba, La, Ce, Nd, Sm, Eu,
Yb, Lu, Tl, Pb, U

[142]

Beef Muscle (rib, sirloin) GO δ13C, δ15N, δ18O [143]

Beef Muscle GO δ2H, δ13C, δ15N - [144]

Beef—processed
(roasted)

Muscle water, minced muscle
water GO δ2H, δ18O - [145]

Ovine and caprine

Lamb Muscle GO δ2H, δ13C, δ15N, δ18O, Sr, Y, Mo, La, Ce, Nd, Pb, Na, Mg,
Al, K, Zn, Rb, fatty acids [146]

Lamb Muscle GO δ13C, δ15N Mn, Fe, Cu, Zn, As, Rb, Sr, Mo, Cs [147]

Lamb Muscle (longissimus lumborum) GO δ13C, δ15N - [148]

Lamb Muscle (longissimus lumborum) GO, FR δ13C, δ15N - [149]

Lamb Muscle GO, FR δ2H, δ13C, δ15N - [58]

Lamb Muscle (longissimus dorsi) GO, PM δ2H, δ13C, δ15N, δ18O, δ34S Fatty acids [65]

Mutton Kidney, liver GO
206Pb/204Pb, 207Pb/204Pb,
208Pb/204Pb, 207Pb/206Pb,

208Pb/206Pb
- [70]

Lamb Muscle (longissimus thoracis) FR δ15N - [55]

Poultry

Chicken Muscle (breast) GO δ2H, δ13C, δ15N, δ18O - [150]

Chicken, turkey Muscle GO δ2H, δ13C, δ15N, δ18O, δ34S

Li, Be, B, Na, Mg, Al, Ca, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ga,

As, Se, Rb, Sr, Mo, Ag, Cd, Te, Ba, Tl,
Pb

[57]

Chicken Kidney, liver GO
206Pb/204Pb, 207Pb/204Pb,
208Pb/204Pb, 207Pb/206Pb,

208Pb/206Pb
- [70]

Chicken Muscle (breast) PM, FR δ13C, δ15N - [151]

Chicken Muscle (breast, thigh,
drumstick, wing) FR δ13C, δ15N - [152]

Chicken Muscle (breast) FR δ13C - [54]

Swine

Pig Muscle water (tenderloin) GO, FR δ2H, δ13C, δ18O Na, Mg, K, P, Zn, Fe, Cu, Mn, Cr, Pb,
Cd [153]

Pig Muscle GO, PM δ2H, δ13C, δ15N, δ18O K, Na, Mg, Ca, Fe, Cu, Se [154]

Pig Muscle GO

7Li/6Li, 11B/10B, 53Cr/52Cr,
52Cr/50Cr, 60Ni/58Ni,

65Cu/64Cu,
71Ga/69Ga, 88Sr/86Sr, 87Sr/84Sr,

88Sr/84Sr, 87Sr/86Sr, 86Sr/84Sr,
97Mo/95Mo, 97Mo/94Mo,

95Mo/94Mo, 109Ag/107Ag,
114Cd/113Cd, 114Cd/112Cd,
114Cd/111Cd, 114Cd/110Cd,
113Cd/112Cd, 13Cd/111Cd,
113Cd/110Cd, 112Cd/111Cd,
112Cd/110Cd, 111Cd/110Cd

- [72]

Pig—processed
(dry-cured hams) Muscle (hind) GO, PM 87Sr/86Sr Trace and ultra-trace elements;

Rb/Sr [68]
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Table A2. Cont.

Product Tissue Purpose * Isotopes Other Markers Ref.

Pig Muscle (sirloin) GO

δ13C, δ15N, 11B/10B, 53Cr/50Cr,
52Cr/50Cr, 60Ni/58Ni,

65Cu/63Cu,
66Zn/64Zn, 71Ga/69Ga,

88Sr/86Sr, 88Sr/84Sr, 87Sr/86Sr,
87Sr/84Sr,

86Sr/84Sr, 97Mo/95Mo,
97Mo/94Mo, 95Mo/94Mo,

109Ag/107Ag,
208Pb/207Pb, 208Pb/206Pb,

114Cd/111Cd, 114Cd/110Cd,
113Cd/112Cd, 113Cd/111Cd,
113Cd/110Cd, 112Cd/111Cd,
112Cd/110Cd, 111Cd/110Cd

V, Mn, Co, As, Se, Rb, Cs [71]

Pig Muscle GO δ2H, δ13C, δ15N, δ18O, 87Sr/86Sr [155]

Pig Muscle (longissimus dorsi) PM δ13C, δ15N - [156]

Pig—processed
(dry-cured hams)

Muscle (biceps femoris),
subcutaneous fat GO δ2H, δ13C, δ15N, δ18O, δ34S - [67]

* GO = geographical origin; FR = feeding regime; PM = production method.

Table A3. Works published within 2010–2022 dealing with the authenticity verification of milk and
dairy products using isotope ratio analysis.

Species Product Fraction Purpose * Isotopes Other Markers Ref.

Bovine

Cow Milk, cheese Fatty acids PM δ13C - [76]

Cow Milk Lactose, milk water GO δ2H, δ13C, δ18O - [157]

Cow Milk Whole, fat, casein, whey GO δ2H, δ13C, δ15N, δ18O Li, Al, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Sr, Cd, Ba, Pb, Bi [158]

Cow Milk Whole GO δ13C, δ15N, δ18O 51 elements, 35 fatty acids [100]

Cow Milk, infant formulae Whole GO δ2H, δ13C, δ15N, δ18O,
δ34S, 87Sr/86Sr N, C, S [93]

Cow Milk Whole, casein GO δ2H, δ13C, δ15N, δ18O,
δ34S, 87Sr/86Sr Ca, Cl, K, P, S, Br, Rb, Sr [90]

Cow Milk Milk water GO δ2H, δ18O - [60]

Cow Milk Whole, fat, casein PM δ13C, δ15N, δ18O, δ34S - [95]

Cow Milk Whole, casein GO δ13C, δ15N Si, Se, Li, B, Rb, Ba, P, Mn,
Mo, Pb [159]

Cow Milk Milk water, casein, lactose GO, SP, SEAS δ2H, δ18O - [59]

Cow Milk Casein GO, SEAS δ2H, δ13C, δ15N, δ18O - [160]

Cow Milk Fat GO, SEAS δ13C Fatty acids [98]

Cow Milk Whole GO δ2H, δ13C, δ15N, δ18O

Asp, Glu, His, Ser, Arg, Gly,
Thr, Pro, Ala, Val, Met, Cys,
Ile, Leu, Phe, Lys, Tyr, Na,

Mg, Al, K, Ca, Sc, Ti, Mn, Fe,
Zn, Se, Rb, Sr, Mo

[101]

Cow Milk Whole GO δ2H, δ13C, δ15N, δ18O - [86]

Cow Milk Casein GO, SEAS δ2H, δ13C, δ15N, δ18O,
δ34S P, S, Cl, K, Ca, Zn, Br, Rb, Sr [161]

Cow Milk Whole GO, PM δ13C, δ15N, δ18O, δ34S - [99]

Cow Milk Whole GO δ2H, δ13C, δ15N, δ18O - [162]

Cow Cheese Casein GO, PM δ34S - [63]

Cow Cheese Casein GO, SP, PM δ13C Co, P, As, Mn, K, Li, Mg, Ga,
Ca, Na, Zn, Rb [163]

Cow Milk Whole, fatty acids,
amino acids PM δ13C, δ15N - [164]

Cow Milk Whole GO δ2H, δ13C, δ15N, δ18O

Ag, Al, As, B, Ba, Be, Ca, Cd,
Co, Cr, Cu, Fe, Hg, K, Li, Mg,
Mn, Mo, Na, Ni, Pb, Rb, Se,

Sr, V, Zn

[165]
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Table A3. Cont.

Species Product Fraction Purpose * Isotopes Other Markers Ref.

Cow Milk Whole SEAS δ13C, δ15N, δ18O - [166]

Cow Milk Whole PM δ13C, δ15N Fatty acids, vitamin E [79]

Cow Milk, skimmed milk,
chocolate milk Whole, fat GO δ13C, δ15N - [167]

Cow Cheese Whole, casein, fat GO, PM δ13C, δ15N - [82]

Cow Milk Whole GO δ13C, δ15N - [168]

Cow UHT milk Casein GO δ13C, δ15N - [169]

Cow Milk, cheese Casein GO δ13C, δ15N, δ18O, δ34S P, S, Cl, K, Ca, Zn, Br, Rb, Sr [96]

Cow Milk Whole GO, SP δ2H, δ13C, δ18O

Al, Ag, As, Ba, Be, Bi, Ca, Cd,
Co, Cr, Cs, Cu, Fe, Ga, In, K,
Li, Mg, Mn, Na, Ni, Pb, Rb,

Se, Sr, Tl, V, U, Zn

[170]

Cow Milk, UHT milk Whole GO, PM, SEAS δ13C, δ15N - [171]

Cow Milk Proteins, milk water GO δ2H, δ13C, δ15N, δ18O - [62]

Cow Milk, pasteurized
milk, cheese Dry matter, fat PM δ13C, δ15N - [75]

Cow Milk, pasteurized milk Casein, fat PM δ13C, δ15N α-linolenic acid [102]

Cow Skimmed milk, milk
powder Fatty acids GO δ2H, δ13C, δ15N Fatty acids [172]

Cow Milk Fat GO, FR δ2H, δ13C, δ15N, δ18O - [172]

Cow Milk, cheese Whole GO δ2H, δ13C, δ15N, δ18O
87Sr/86Sr - [77]

Cow Cheese Whole GO δ2H, δ13C, δ15N, δ34S Li, Na, Mn, Fe, Cu, Se, Rb, Sr,
Mo, Ba, Re, Bi, U [173]

Cow Milk Fat FR δ13C Phytanic acid [74]

Cow Milk Whole PM δ13C, δ15N - [78]

Cow Milk Fat PM δ13C Fatty acids [81]

Cow Milk powder Fatty acids GO δ2H, δ13C - [174]

Cow Milk, cheese Casein GO, PM δ2H, δ13C, δ15N, δ18O - [87]

Cow Pasteurized milk Protein, fat PM δ13C, δ15N, δ34S - [80]

Cow Cheese Casein GO, PM δ2H, δ13C, δ15N, δ34S

Li, Be, B, Na, Mg, P, K, Ca, V,
Mn, Fe, Co, Ni, Cu, Zn, Ga,

Ge, As, Se, Rb, Sr, Y, Mo, Pd,
Ag, Cd, Sn, Sb, Te, Cs, Ba, La,
Ce, Pr, Nd, Sm, Eu, Gd, Dy,
Ho, Er, Tm, Yb, Re, Ir, Au,

Hg, Pb, Bi, U

[84]

Cow Raw milk, pasteurized
milk Casein, fat GO, PM δ13C, δ15N - [85]

Cow Cheese Casein, glycerol GO δ13C, δ15N, δ18O, δ34S

Al, B, Ba, Ca, Cr, Cu, Fe, K,
Mg, Mn, Mo, Na, Ni, Sr, Zn,

Ag, Be, Cd, Ce, Co, Cs, Dy, Er,
Eu, Ga, Gd, Ge, Ho, Ir, La, Li,
Lu, Nb, Nd, Pb, Pr, Pt, Rb, Re,
Ru, Sb, Sm, Ta, Te, Tl, Tm, U,

V, Yb

[94]

Cow Milk Whole GO δ2H, δ18O - [175]

Buffalo Milk, cheese Milk, casein (cheese) GO, PM δ13C, δ15N, δ18O, - [176]

Buffalo Milk, cheese Whole GO, PM δ2H, δ13C, δ15N, δ18O,
δ34S

Li, Be, B, Na, Mg, Al, P, K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Ga, Ge, As, Se, Rb, Sr, Y,

Mo, Pd, Ag, Cd, In, Sn, Sb, Te,
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu,
Gd, Dy, Ho, Er, Tm, Yb, Re, Ir,
Pt, Au, Hg, Tl, Pb, Bi, Th, U

[97]

Buffalo Milk, cheese, cream,
butter Whole GO δ2H, δ13C, δ15N, δ18O - [177]

Ovine and caprine

Sheep Milk, cheese Whole GO δ13C - [76]

Sheep Milk Milk water, casein, lactose GO, SP, SEAS δ2H, δ18O - [59]
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Table A3. Cont.

Species Product Fraction Purpose * Isotopes Other Markers Ref.

Sheep Milk Casein, fat GO δ2H, δ13C, δ15N, δ18O Cr, Mn, Fe, Ni, Cu, Zn, Se, Rb,
Sr, Cd, Ba [178]

Sheep Cheese Whole, casein, fat GO, PM δ13C, δ15N - [82]

Sheep Cheese Whole GO, FR δ2H, δ13C, δ15N, δ18O,
δ34S - [83]

Sheep Milk, cheese Casein GO, SP δ13C, δ15N, δ18O, δ34S P, S, Cl, K, Ca, Zn, Br, Rb, Sr [96]

Sheep Raw milk Casein, fat PM δ13C, δ15N α-linolenic acid [102]

Sheep Milk Whole GO, SP δ2H, δ13C, δ18O

Al, As, Ba, Be, Bi, Ca, Cd, Co,
CR, Cs, Cu, Fe, Ga, In, K, Li,
Mg, Mn, Ni, Pb, Rb, Se, Na,

Ag, Sr, Tl, V, U, Zn

[170]

Goat Milk Milk water, casein, lactose GO, SP, SEAS δ2H, δ18O - [59]

Goat Cheese Casein GO, SP, PM δ13C Co, P, As, Mn, K, Li, Mg, Ga,
Ca, Na, Zn, Rb [163]

Goat Milk, cheese Casein GO δ13C, δ15N, δ18O, δ34S P, S, Cl, K, Ca, Zn, Br, Rb, Sr [96]

Goat Raw milk Casein, fat PM δ13C, δ15N α-linolenic acid [102]

Goat Milk, cheese Whole GO δ2H, δ13C, δ15N, δ18O,
87Sr/86Sr - [77]

Goat Milk powder - GO, PM δ13C, δ15N Li, Na, Mg, K, Ca, Mn, Cu,
Zn, Rb, Sr, Mo, Cs, Ba [179]

* GO = geographical origin; FR = feeding regime; PM = production method; SEAS = seasonality; SP = species.

Table A4. Works published within 2010–2022 dealing with the authenticity verification of egg and
egg products using isotope ratio analysis.

Product Fraction Purpose * Isotopes Other
Markers Ref.

Chicken egg Albumen GO, PM δ13C, δ15N - [103]
Chicken egg Albumen, yolk FR δ13C, δ15N - [104]

* GO = geographical origin; FR = feeding regime; PM = production method.
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