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Abstract

Provenance is becoming increasingly important in meat supply chains as it lends products higher perceived quality. However,
its precise definition and interpretation along with its associated characteristics factors have remained somewhat elusive. This
review meticulously defines meat provenance while dissecting the essential factors and associated quality attributes that con-
stitute its essence and are subsequently employed to establish pertinent markers for provenance. Meat provenance emerges as
a multi-dimensional construct stemming from the adept management of a constellation of factors relating to geographical ori-
gin, farm production system, traceability, and authenticity. Through intricate interactions, these factors unveil innate original-
ity that not only forges a distinct reputation but also imparts a unique typicity to the meat product. Gaining insights into a meat
product's provenance becomes attainable by scrutinizing its pertinent composition and organoleptic quality traits. Trace ele-
ments and stable isotopes stand out as provenance markers, forging a direct connection to both geographical origin and die-
tary sources. While somewhat less direct in linkage, other markers such as plant biomarkers, fatty acid composition, pH levels,
flavour and aromatic compounds along with organoleptic characteristics contribute to the overall understanding of prove-
nance. Additionally, the identification of animal species and breeds serves as key markers, particularly in the context of pro-
tected geographical indications. The study findings are useful for the various stakeholders of how the information for meat
provenance can be linked with intrinsic and extrinsic factors for meat quality and protecting the integrity of the supply chain
with special reference to traceability and authenticity.

© 2024 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
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Considering the higher consumers demand for safe, nutritious,
healthy meat and meat products, the producers might make false
claims regarding these quality characteristics, severing a prod-
uct's authenticity. Ultimately, meat authentication is required to
ensure that the consumer is informed correctly about the product
and is not misled (e.g., through mislabelling), thereby also pre-
venting meat fraud.*

INTRODUCTION

The meat industry is continuously faced with the challenge of
keeping up with the demands that consumers and manufacturers
have to produce meat products of a certain quality.” Considering
the consumers' expectations at purchase level, the demands are
shifting towards products that are produced using animals with
higher animal welfare, food safety compliance, traceability by
appropriate and safe methods and are nutritious, while at the
time of consumption, organoleptic quality characteristics such
as flavour, taste, mouthfeel and texture are most important. In
addition, consumers are becoming more concerned about the
meat they eat, for ethical (i.e., animal welfare), as well as quality
reasons.” However, the variability of raw materials and different
production steps in product development makes it difficult to
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guarantee that the desired quality is consistent; consistency is
sought to guarantee a constant intrinsic and extrinsic product
quality for meat and meat-based products.® The intrinsic quality
characteristics primarily ensure consumer satisfaction at product
consumption, while extrinsic quality characteristics play a vital
role during the product purchase decision by the consumer.
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One highly relevant aspect in the current internationally grow-
ing meat industry is meat provenance considering the consumers
demands with special reference to animal origin, authenticity,
feeding regime as well as characteristics or claims like ‘organic’,
‘grass fed’, and so forth. Studies have shown that consumers often
link meat provenance to certain quality characteristics of meat.
This agrees with research performed by Becker et al.® which
shows that among consumers, meat origin and place of purchase
are considered as some of the most important meat characteris-
tics when assessing its quality. These findings suggest that meat
provenance is a good indicator to assess meat quality, yet the
opposite is also true as meat quality characteristics can also be a
good indicator of provenance. Quality characteristics can differ
greatly among different animal species. Hence, this review will
focus on identifying which quality characteristics are integral to
meat provenance of meat from livestock animals since most con-
sumers are familiar with this meat type. There are currently limited
studies addressing and defining the concept of ‘meat prove-
nance’ with special reference to its characteristics on meat quality
along with intrinsic and extrinsic factors that can influence the
quality of meat and meat products, adding to the motivation of
the current study to assess the research papers available on the
topic. This study combines all relevant literature findings to pro-
duce a comprehensive description for ‘meat provenance’
together with the intrinsic and extrinsic factors and associated
meat quality characteristics that are integral to it considering con-
sumer demand along with meat supply chain integrity.

METHODOLOGY

A comprehensive literature review was undertaken to offer an
assessment of research articles pertaining to the topic of ‘meat
provenance’. This review adhered to a structured methodology,
following the five essential steps outlined by Khan et al.”: formu-
lating the research question(s), identifying pertinent literature
resources, critically evaluating the research's quality, synthesizing
the available evidence, and conducting a thorough analysis and
interpretation of the findings. This narrative will now delve into
a detailed explanation of the initial three steps, with the latter
two steps encompassing the summarization and interpretation
of the study's results.

Framing the study research questions

The main research questions of the review were: What is meat
provenance? Which factors and characteristics are linked to
meat provenance? To give more structure to the review, the main
research questions were addressed by discussing the following
topics: the definition of meat provenance; the factors and charac-
teristics influenced by meat provenance including reference to
protected designation of origin (PDO) and protected geographi-
cal indication (PGI) specialty meat products.

Identifying pertinent literature

To identify literature that directly addressed the research question
and related sub-topics, a stringent set of inclusion and exclusion
criteria was employed to curate published papers. This process
focused on selecting papers from reputable and accredited data-
bases (i.e, Google Scholar, Scopus, and PubMed), primarily in
English (a few in other languages followed by English translation),
centred on papers published from 2005 (with some flexibility for
earlier publications due to limited content on meat provenance)
to 2023, specifically addressing research questions pertaining to
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meat provenance. However, the study excluded papers that dis-
cussed provenance in non-food context along with papers that
describe research not linked to geographical origin, diet, or ani-
mals' characteristics in any way. Moreover, literature that did not
conform to rigorous scientific standards or utilized concept of
provenance outside realm of food-related contexts was deliber-
ately omitted as this exclusion was deemed necessary to maintain
focus and coherence of the review, as these materials fell outside
the specified scope and did not meet the criteria of being both
transparent and pertinent to the research objectives.

Assessing the research quality

The papers' relevance was evaluated through a sequential pro-
cess. Initially, the title was examined for apparent alignment with
the research questions. If deemed relevant, further scrutiny
involved scanning the abstract and conclusion sections. Finally,
the complete text was read if it passed the initial assessments.
Any paper that did not meet the relevance criteria or violated
any of the exclusion criteria as mentioned earlier was omitted
from the review.

MEAT PROVENANCE

The definition of ‘place of provenance’ given by the European
Union (EU) in Council Regulation (EEC) No. 1169/2011 on the Pro-
visions of Food Information to Consumers, is ‘any place where a
food is indicated to come from, and that is not the “country of ori-
gin™. This means that according to the EU, the place of prove-
nance could be several geographical areas or countries where at
least one food production step occurred. In the realm of food,
especially when it comes to meat, the concept of provenance
encompasses various key factors, including its geographical ori-
gin, the methods employed in its production on the farm, and a
comprehensive account of its path from the farm to the con-
sumer's table (farm to fork). Therefore, the following definitions
of provenance, are focused on meat, but can also be applied to
other food products such as cheese, wines/spirits, olive oils, salts,
and so forth, that originate from a certain area or region of origin.

Although provenance is often considered as simply being a
place, its concept is more complex. In fact, provenance consists
of multiple dimensions including ‘spatial dimension (its place of
origin), a social dimension (its methods of production and distri-
bution), and a cultural dimension (its perceived qualities and rep-
utation) for the described product'® A similar definition of
provenance is also given by Monahan et al.’ who identified prov-
enance, and meat provenance in particular, as a combination of
geographical origin, farm production system along with traceabil-
ity of the meat and meat products. Taking both studies into
account, one can say that meat provenance is a multi-dimensional
function of management of multiple factors relating to geograph-
ical origin, farm production system, as well as traceability and
authenticity, as illustrated in Fig. 1. More details on these specific
factors are provided in the next sections.

From these findings, it can be concluded that meat provenance
is, among others, a suitable indicator to assess meat quality, but
vice versa also applies as certain meat quality characteristics can
be used to indicate provenance for meat. This highlights both
the consumer-oriented (cultural dimension) as well as the more
technical side (social dimension) of meat provenance. Consumers
are most interested in the perceivable quality that is a result of the
effects of certain technical influences. Quality characteristics can
be broken down into intrinsic and extrinsic quality characteristics.
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Figure 1. Graphic depiction illustrating the term ‘meat provenance’ and
the relation between all factors.

One of the researcher groups referred to intrinsic quality charac-
teristics as being part of the product; not being able to change
them without changing the product itself. These intrinsic charac-
teristics are organoleptically perceivable by the consumers and
include aspects such as colour, texture, flavour, and aroma. Con-
versely, extrinsic quality characteristics are also related to the
product but are not physically part of it, yet they may still play a
pivotal role in the decision-making process of consumers for that
particular food.'>""

In the case of meat provenance, the intrinsic and extrinsic qual-
ity characteristics are influenced by several intrinsic and extrinsic
factors. The extrinsic factors include the place of origin, feed,
and farming system for animals rearing and these factors can
influence intrinsic factors, which characterize the animal's growth,
age at slaughter and also directly affect meat composition.'?
Among different studies, there is conflicting opinion when assign-
ing the animal breed and species to a certain category. Breed is
often considered to be an intrinsic factor'>'* while others con-
sider it to be an extrinsic factor.'* This review will assume that ani-
mal breed, species and age at slaughter are intrinsic factors since
they are physically related to the product and can directly influ-
ence its composition.

There is a strong interaction between the intrinsic and extrinsic
factors that can influence characteristics of the meat and meat-
based products.’> Although they are separated into two distinct
groups, they remain closely linked considering the growth and
animal production patterns and their influence on meat quality
characteristics. Additionally, consumer experience for different
meat and its products may depends on intrinsic and extrinsic
characteristics for the meat along with personal choice/
preference that can influence intrinsic meat characteristics'® as
well as linked with the factors related to meat provenance
as shown in Fig. 2. Considering provenance from a more technical
viewpoint, the intrinsic and extrinsic factors along with organo-
leptic quality characteristics are fundamental as they can be quan-
tified, identified, and used as provenance markers as summarized
in Table 1. Thus, in this review the influences of provenance on
meat quality characteristics that can affect meat acceptability
based on consumer decision-making will be addressed.
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Geographical origin

In the contemporary food landscape, the geographical origin of
food holds a prominent position as a pivotal determinant
influencing consumer preference. This is attributed to the fact
that locally sourced food products such as meat are commonly
linked to a perception of superior quality due to reduced transpor-
tation times and enhanced animal welfare practices within the
production system. Thus, there is an increasing need for official
signs of quality to correlate the composition/quality of meat with
its spatial dimension or geographical origin.'” This is substanti-
ated by research in five European countries including France,
England, Spain, Scotland and Italy, which has shown that beef
and lamb consumers tend to give higher importance to animal
origin along with subjected feeding system mainly owing to their
link with animal health, meat safety and convenience for meat
products along with ethical issues linked with rearing of animals.
Although the significance of environment-friendly animal produc-
tion and welfare systems is widely acknowledged, consumers still
place a higher emphasis on factors such as animal origin and feed-
ing regimen when evaluating meat quality characteristics.®
Moreover, the alarming surge in fraudulent activities within the
global market necessitates a critical focus on instances like species
substitution of Australian beef being illicitly sold as another in
China or the deceitful assignment of certified origin labelling to
products like Prosciutto di Parma and San Daniele ham. These
fraudulent occurrences serve as stark reminders of paramount
significance in establishing a fool proof mechanism to accurately
trace the origin of every food product with special reference to
meat.'” The claimed products disquised as the products with
superior characteristics, while having an inferior quality, will cause
a significant loss of the reputation of products whose quality and
prestige are determined by the origin that can have impact on the
quality of food.?°

Due to this perceived increasing cultural quality value con-
nected to products from certain regions, a broad range of trade-
marks concerning product origin exist® Within the EU, a
safeguarding mechanism is in place for these products known
as geographical indications (Gls). In this context, a Gl serves as a
unique symbol employed to designate a product whose distinct
qualities, prestige, or other defining attributes are intricately tied
to its geographic origin. This protection ensures that only prod-
ucts genuinely originating in a specific region are identified as
such; thereby, promoting rural and agricultural activity, and pre-
venting imitation and misuse. The legislation on the Protection
of Geographical Indications and Designations of Origin for Agricul-
tural Products and Foodstuffs was put into place by the European
Community in 1992 (EEC. No. 2081/92); describing the definitions
of products with a PDO, PGl or Traditional Speciality Guaranteed
(TSG), and the requirements that need to be met to use the
protected name.

Currently, there are over 400 registered and protected meat and
meat products including fresh meat and offal (n = 192), and meat
products including cooked, salted, smoked, and so forth (n = 219)
in the EU (eAmbrosia - the EU geographical indications register).
Within the PGl and PDO scheme requirements, various categories
of meat animals are crucial, encompassing beef (n = 56), sheep
(n = 54), poultry (n = 48), pork (n = 18), goat (n = 11) and game
(n =2) as outlined in Table 2. These animals are specifically
selected to yield fresh meat that embodies the distinct character-
istics necessary to ensure the attributes accountable for unique
qualities of meats aligned with specific scheme standards. The
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J

Provenance markers
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Figure 2. Perception of quality linked to the provenance of meat and meat-based products.

Table 1. The meat quality and organoleptic quality characteristics most relevant to meat provenance as related to intrinsic and extrinsic factors

Provenance markers

Factors

Intrinsic factors (animal characteristics) Species
Breed
Sex

Age at slaughter

Extrinsic factors (environmental characteristics) Place of origin

Feed/diet

Farming system

Feed/diet
Place of origin

Farming system

allocation of PGl or PDO status to different animal categories con-
siders essential intrinsic factors such as animal species, breed, sex,
and the age of the animal at the time of slaughter, complemented
by extrinsic attributes including the animal's place of origin, the
farming system it was raised in, and the composition of its feed
or diet. Moreover, specific attributes such as meat colour, texture,
as well as distinctive aroma and flavour, hold significant impor-
tance in determining the status of animals within their respective
organoleptic requirements categories.

The quality attributes of PDO and PGI products are determined
by the inherent natural and human components that are involved
in the production, processing, and preparation of the products; all
taking place in a specific geographical area or region of origin. The
TSG products only highlight the traditional aspects that involves
how the product is made or its composition with no link to the ori-
gin of products. For PDO products, every part of the production
process needs to take place in one geographical area of origin
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Protein, fatty acids, amino acid composition
Volatiles

Texture

Sensory attributes: aroma, flavour

Fatty acids

Volatiles

Fatty acids

Colour: L*, a*, b*, chroma, hue

texture

Sensory attributes; aroma, flavour

Trace elements (Se, Rb, Fe)

Stable isotopes (5'3C, 52H, §'®0, 5N, 5%75r)

Plant biomarkers (antioxidants, terpenes, animal metabolites)
pH

Colour: L*, a*, b*, chroma, hue

Volatiles

Sensory attributes aroma, flavour

whereas, at least one of the stages of the process needs to take
place in the defined origin for PGl products. Ultimately, what gives
these products their unique characteristics and quality, is the
combination of localized cultures together with the unique envi-
ronmental conditions involved in their production.?’

Creating an indication of quality by origin for meat products
requires the identification of territorial elements that provide
the product with its certain quality. The French have a long history
of making products from specific areas and are very proud of their
heritage products. This has led them to be ahead of many other
countries when it comes to identifying and defining terms related
to provenance and geographical origin. Two French terms often
used regarding wine and geographical origin are ‘terroir’ and
‘typicity’, but these terms can also be applied to any general or
protected meat products. A rough translation of the definition
of terroir given by multiple French scientists®? is defined as geo-
graphical space in which there is an interaction between
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environmental factors and collective production knowledge of
humans linked to a culture developed over years of experience
whereas this interaction reveals originality resulting in reputation
and confers typicity. This means there is no terroir without typi-
city, in which typicity is a distinct characteristic attributed to a
product that makes it distinguishable from other similar products,
which leads to appreciation from consumers who are familiar with
the product. Therefore, protected and geographically unique
products, guarantee a strong link of product with its terroir and
enhances the typicity of the product.

To determine quality characteristics that influence meat prove-
nance, more insight into the terroir and typicity of meat is
required. It is therefore essential to determine what characteristics
influence meat typicity from a certain region. However, it is
becoming increasingly difficult to identify the geographical origin
of meat. The livestock fattening is becoming progressively inde-
pendent from site-specific production factors, and terroir-
dependent traditional farm production systems are showing a
decline of the use of traditional methods and genotypes, making
it more difficult to distinguish one from another.?® Yet, there are
still some factors that can provide an indication of a product's ori-
gin and typicity. In this regard, Champredonde?® identified multi-
ple elements that give beef its typicity including the local
production conditions, cattle breeds, knowledge of local opera-
tors along with interactions of the earlier-mentioned factors. A
combination of these elements is what also constitutes prove-
nance, so it can be said that among other things, the typicity of
a food product especially meat is a result of its provenance.

Farm production system
The farm production system or the social dimension of prove-
nance is closely linked to the spatial dimension for food. Globally,
various production systems are used for rearing and fattening
livestock to produce good quality, safe and healthy animal origin
food for populations around the world. The most common
methods employed in developed countries are: conventional
feeding which uses combinations of extensive grazing of animals
and intensive fattening with concentrates that mainly consist of
different raw materials such as cereals, legumes, and so forth, feed
additives as well as growth implants; and natural or organic feed-
ing systems that is mainly based on extensive grazing with no or
minimal other feed supplements for rearing of animals.**%* Live-
stock that forages extensively for their feed might ingest flora
and fauna that are associated with specific local ecology or type
of soil characteristic for that specific region, which can give an
indication of origin?® Generally, this does not apply to
concentrate-based diets, or diets based on the combination of
extensive farming and concentrate supplements. The ingredients
of the concentrate feed could originate from the same area where
the animals are raised, but it is just as likely that they are sourced
from an entirely different area or even continent. Tracing back
feed supplements such as proteins or soybean meals can reflect
the signature of two or more different areas. For some animals
such as sheep and possibly cattle, this is less of a problem, since
they are usually reared extensively and are therefore expected
to ingest plants of which the origin can be traced.”®

The feed of an animal and the way in which it is reared across all
meat breeds, have been found to have a direct influence on the
sensory and nutritional quality of meat.?*? Various studies across
many animal species have shown that quantifiable components
such as stable isotopes, trace elements, fatty acids, volatile
organic compounds (VOCs) (e.g., terpenes and phenolics),
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carotenoids, and vitamin E are directly influenced by an animal's
diet and can, therefore, provide information about its dietary
background.® Among these, dietary influence on the animal car-
cass has a vital role in influencing the carcass fat level along with
fatty acid composition?® which also influences the organoleptic
quality of the meat as indicated by the consumers.?’ This effect
of diet and farming system on meat quality is a major factor in
determining meat provenance.

Nowadays, farming systems and meat provenance are integral
to the broader conversation about sustainable and ethical food
production. Consumers are becoming more conscious of their
choices, and there is a growing movement towards supporting
practices that prioritize environmental sustainability, animal wel-
fare, and transparency in the food supply chain. Various farming
systems are practiced globally for the rearing of meat animals that
mainly include conventional (intensive) farming, organic farming
and grass-fed or pasture-raised (extensive) farming methods.
The conventional farming method is often characterized by
large-scale monoculture, the use of synthetic fertilizers and pesti-
cides, and intensive farming practices. Contrary to this, organic
farming focuses on sustainable and environmentally friendly
practices and avoids synthetic chemicals, genetically modified
organisms (GMOs), and emphasizes crop rotation and natural fer-
tilizers whereas, grass-fed and pasture-raises livestock are raised
on pasture rather than in confined spaces as this practice is
believed to be more humane and can result in meat with different
nutritional profiles.

Considering meat provenance information and data for PDO
and PGl fresh meat products shown in Table 2, the farming sys-
tems are predominantly extensive and/or semi-extensive with
animals fed plant materials from the natural environment. During
winter, the specifications allow the feeding of animals with sup-
plementary feed from the origin, harvest lands and other reputa-
ble sources. The beef products are mainly subjected to grassland
feeding, natural grazing in mountain or woodland pastures with
specific plants or vegetations plus complementary feed including
cereals and pulses as well as in some cases animal fattening using
specific feed is also practiced. For sheep, extensive and/or semi-
intensive with outdoor feeding on the natural vegetation (which
can include wild herbs and flowers, shrubs, seaweed, salt marshes,
etc.) are mostly deployed for the rearing of animals, while 35 of
the 54 sheep product types are suckling lamb with a diet of pre-
dominantly mother's milk. Open air, semi-extensive systems are
mainly used for the rearing of poultry birds that are subjected to
this category for meat provenance. Grassland feeding systems
along with extensive and/or semi-extensive farming is practiced
for goat rearing to obtain meat for provenance, while extensive
(natural grazing) or semi-extensive farming is mainly practised
for game. For pork, natural grazing (free-range) systems on spe-
cific vegetation/plants, extensive and/or semi-intensive farming
system is mainly used for producing meat to fulfil the PDO and
PGI requirements.

The pork meat quality is predominantly shaped by several fac-
tors, including the animal's genotype, the rearing system in which
the pig is raised, and the conditions it experiences both before
and after slaughter. Notably, a study revealed that pork from the
Black Iberian pig breed, also known in Portugal as Alentejano
(see Carne de Porco Alentejano in Table 2), when fed either low
or high oleic acid diets reared either individually in pens or with
access to outdoors conditions exhibited distinct characteristics
reflecting the combined effects of rearing system and oleic acid
supplementation on carcass composition, nutritional value mainly

J Sci Food Agric 2024

© 2024 The Authors.

@)
SClL

where science
meets business

WWW.S0Ci.org

fatty acid profile, and authenticity.>® Similarly, another study?'
investigated the impact of genotype and rearing system (high-
oleic concentrate feed versus acorn and grass) on the composition
of dry-cured Iberian ham, including fatty acid profiles, odour, and
volatile compound characteristics. The study revealed that geno-
type had limited effects on most variables, with some exceptions
related to specific odorants (methanethiol and octanal). In con-
trast, the rearing system exerted significant influence on numer-
ous variables, underscoring the potential of different rearing
systems in establishing a clear connection to the provenance of
meat products.’

Product traceability and authenticity

In the present day, the global food supply chain has transformed
into a complex network, driven by the imperative to meet the
needs of an expanding global population. Within this intricate
landscape, food traceability has gained paramount significance
in safeguarding consumers health and upholding the safety and
quality of food products. As per Codex Alimentarius (Food import
and export inspection and certification systems, World Health
Organization — Food and Agriculture Organization of the United
Nations, 2007), traceability involves the ability to follow food
movement through specified stage(s) of production, processing
as well as distribution chain. In other words, food traceability
mainly covers all aspects of the food using the farm to fork
approach with the major focus on tracing the origin of the prod-
uct at different levels in the supply chain. In this context, to ensure
comprehensive data acquisition during the entire rearing and
production process for animals, a highly effective approach is to
implement a specific identifier attached to each animal at birth.
This practice guarantees seamless traceability throughout the ani-
mal's entire life, encompassing crucial stages such as feeding, age
at slaughter, transportation, distribution, and lifespan of the ani-
mal at sale. By adopting this method, it is possible to establish a
robust system that promotes transparency, accountability and
safeguards supply chain integrity and consumer confidence.*?

Indeed, the implementation of a specific identifier for animals
from birth is crucial to track and record all pertinent information
throughout the entire food and production chain. While initially
traceability was primarily mandated for PDO products to distin-
guish prestigious items from regular ones, its importance
expanded significantly after the bovine spongiform encephalopa-
thy crisis in the 1980s and 1990s. Since then, traceability has
emerged as a vital tool to ensure not only product authenticity
and differentiation but also to guarantee food safety and con-
sumer protection. By enabling monitoring of an animal's journey
from its earliest stages to its destination, traceability empowers
authorities, supply chain actors, and consumers to promptly
address any potential issues, contamination, or fraudulent activi-
ties that may arise later in the supply chain. As a result, traceability
has become a fundamental aspect of modern-day food produc-
tion and distribution, fostering greater accountability and confi-
dence in the global food distribution system.'”

Food traceability is also important to help guarantee a product's
authenticity. Food authenticity is defined by Codex Alimentarious
(Discussion paper on food integrity and food authenticity, World
Health Organization — Food and Agriculture Organization of the
United Nations, 2018) as ‘the quality of a food to be genuine
and undisputed to its nature, and claims, and to meet expected
properties’. In other words, authenticity guarantees a match
between the intrinsic and extrinsic product characteristics and
the claims that are made regarding the product, ensuring a
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general product quality. While an effective traceability system sig-
nificantly enhances the ability to track and monitor the journey of
a product, it does not guarantee complete immunity against fraud
or counterfeiting. Current traceability systems, although valuable
and essential in supply chain management, are not efficacious in
preventing all fraudulent activities. However, it is important to
acknowledge that these systems play a vital role in mitigating
fraud and enhancing the assurance of a product's provenance.
By providing valuable data points and documentation at various
stages of production and distribution, traceability systems create
a transparent and accountable environment, making it more diffi-
cult for dishonest actors to pass off counterfeit or inferior products
as authentic ones. In essence, while traceability alone may not
eliminate all fraud, it acts as a powerful deterrent and can signifi-
cantly reduce the occurrence of fraudulent practices.>®

Product traceability does not necessarily have a major influence
on meat quality characteristics. Storage might change some char-
acteristics, but still, traceability is a very important factor for deter-
mining food provenance. Maintaining integrity of the supply
chain for consumers throughout the production process about
specific provenance claims concerning the origin or production
system of animal meat being made requires the supply chain to
manage information in a transparent way via consistent systems
and protocols.>* Food traceability stands as an essential instru-
ment for verifying the origin and diet of animals, ensuring the
delivery of premium-quality meat products to consumers.>> An
example of this is the verification of claims regarding the authen-
ticity of a product, stating that grass-fed beef is actually grass-fed,
or that chicken with a corn diet has in fact ingested corn. As men-
tioned by Wallace and Manning®* transparency enables a proper
transfer of information from the primary producer through every
stage until the final consumer, making verification of quality
claims made by retailers easier. This relies upon and is highly
dependent on the effectiveness of management of all factors
involved in the production chain, and includes management sys-
tems, certifications, and the use of technology to keep track of all
the processes involved in the rearing of animals till consumption.
It is also important to note that although traceability assists in
deterring meat fraud, it cannot prevent it as a control measure
since there are various opportunities and motivations along the
supply chain where fraud can occur, regardless of the traceability
system in place. This also implies that in addition to the current
traceability systems the food supply chains require ongoing
advancements in technology, such as Blockchain Technology
(BCT) and DNA or molecular testing that can hold promise for fur-
ther bolstering the security and integrity of traceability systems,
paving the way towards even greater fraud prevention and prod-
uct authenticity verification.

A requirement for a successful meat traceability system is an
adequate understanding of the composition of meat and the
way in which this influences its authenticity. Sufficient
information is necessary to differentiate between different meat
components and the ways they are dependent on the animal's
origin and production system.’ Databases and models of geo-
graphical origins and production systems need to be set up to
compare test samples with, and it is important that these must
be standardized for the authenticity comparison. In this context,
Nicoloso et al.?" described the key fundamentals of a good trace-
ability system that include: unique product (or batch) identifica-
tion throughout its entire history; gathering information of the
product and its movements; and the establishment of an inte-
grated information management system. Thus, so far, no single
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system that identifies the product throughout the entire supply
chain with full specificity, including all three points, is available.
However, a few promising developments exist. The radiofre-
quency identification (RFID) systems can enable the tracking of
individual animals®*® whereas a geographic information system
(GIS) and/or BCT system can be very useful to track a product
while maintaining proper transparency and data collection
throughout the entire chain that will help to mitigate the fraud
prevalence and mitigate the risk of fraud vulnerability for the sup-
ply chain integrity.3*

In recent years, RFID systems in combination with other technol-
ogies has been used to build a traceability system to track and
monitor individual animals. The RFID system contains three parts
including the tag that contains specific information and is
attached to the animal, a reader to receive information with,
and a database to store the information received from the animal
in.3® Although, the tag can either be attached to the animal's ear
or can be implanted there is still a risk of the tags being lost during
the animal's life or during slaughtering making the traceability
uncertain. Overall, managing the animal's tag during the produc-
tion process and even at slaughtering level is controllable, trace-
ability becomes even more difficult after the animal is
slaughtered and the meat is further processed into different cuts
and meat products.3®

The GIS can be used to store, index and archive data based on
the geographic coordinates of the product's elements, and when
combined with stable isotope analysis, a food isotope map can be
generated that can help to better manage the food traceability
requirement of the product.®* Isotope tests can be performed,
and when the data is compared to an isotope map, a product's
provenance and authenticity can be demonstrated. Although
such maps already exist for products such as beer, cheese, and
olive 0il,3”7° databases and maps for meat products are currently
not widely developed. However, the development of these maps
can be an effective tool for the authentication and verification of
meat provenance for the traceability of meat and meat products
for consumers. Additionally, BCT systems can be used to provide
a cryptographically secure record of ‘blocks’ of the data concern-
ing the origin, process steps, environmental variations, microbial
records, and so forth, linked to the product across whole supply
chains®® and could possibly also be used to keep track of informa-
tion from an RFID system. The use of BCT to create traceability sys-
tems and establish provenance in the food supply chain seems
promising and can be used to trace the authenticity of the prod-
ucts. However, its success completely relies on the stakeholders
in the supply chain. To assure provenance, in the case of both
GIS and BCT systems, it is of great importance that all stakeholders
provide accurate and transparent data concerning the tracing of
the meat product otherwise the system will not work effectively.
There is always a need for proper collaboration for the data that
is difficult to manage but still, this technology has the potential
to track the provenance of the meat.*'

It is evident that various technologies exist to ensure the trace-
ability of meat and thereby provide a direct link to the origin of
meat and meat-based products. Yet, there are still many chal-
lenges that exist as the traceability of a product cannot directly
guarantee its authenticity. To ensure meat provenance (and its
authenticity), other approaches are still required. Meat tracing in
relation to provenance can be done by using analytical methods
to obtain data of animal meat, carcass and cuts along with pro-
cessed meat products to quantify the relevant meat compounds
and the organoleptic quality characteristics that can be used as
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markers to correlate meat quality and authenticity for the meat-
based systems. In essence, the combination of analytical testing
for product authentication and robust traceability systems plays
a critical role in the proactive monitoring of fraud and effectively
curbing its potential escalation. On the one hand, these analytical
approaches confirm and protect product provenance
(by verifying the true identity), while on the other hand, they pro-
vide a way to better understand the effects that external factors
may have on the product and how it can influence intrinsic meat
quality and validate associated claims for the meat and its prod-
ucts. Before one can decide which techniques to use, it is impor-
tant to first obtain product knowledge and identify the
characteristics along with specific compounds that are unique to
the product. Therefore, it is crucial to develop and validate various
meat provenance markers that can later be used for meat authen-
tication considering meat provenance. Although there is a lot of
published literature that covers meat fraud, authenticity and food
fraud vulnerability, limited information exists regarding the use of
analytical markers for meat provenance that need to be devel-
oped for future use.

MEAT PROVENANCE MARKERS AND THEIR
RELATION TO MEAT QUALITY

The meat quality indicators and provenance play pivotal roles in
the meat industry, especially as consumer awareness continues
to rise. These factors impact consumer choices, food safety, and
the overall management of the supply chain. Examining meat
quality involves a thorough consideration of both intrinsic factors,
such as animal characteristics, and extrinsic factors, including
environmental influences (Table 1). Organoleptic quality attri-
butes, such as colour, texture, aroma, and flavour, are deemed
essential, particularly for products with PDO or PGI status
(Table 2). In terms of meat composition, intrinsic factors like breed,
species, sex, and age at slaughter contribute substantially. Mean-
while, extrinsic factors like place of origin, feed, and farming sys-
tems are crucial environmental elements influencing the
provenance of meat animals. Tracing the authenticity of meat
involves scrutinizing quantifiable compound differences at vari-
ous levels. This includes meat composition factors like protein,
fatty acids, and amino acid composition, as well as considerations
for animal sex and age at slaughter. For provenance determina-
tion, trace elements such as selenium (Se), rubidium (Rb), iron
(Fe), stable isotopes (5'3C, 6°H, 6'20, 5'°N, 5%”Sr), and plant bio-
markers (i.e., antioxidants, terpenes, metabolites) are of interest.
These compounds provide valuable insights into the place of ori-
gin, feed variations, and farming systems associated with meat
animals. Additionally, pH levels, colour values (L*, a*, b*), tender-
ness, sensory attributes, and volatile compounds play crucial roles
in assessing meat provenance, particularly in the context of
organoleptic quality attributes. Nowadays, a comprehensive
understanding of both meat quality indicators and provenance
is essential for ensuring the integrity, safety, and quality of meat
products in the dynamic landscape of the modern meat industry.

Composition and organoleptic characteristics of meat in
relation to intrinsic factors

Meat composition refers to the various components that are
engaged in constituents of meat including proteins, fats, carbohy-
drates, minerals, and water. Intrinsic factors related to meat com-
position often considered crucial in determining the quality of
fresh meat include the animal's age at slaughter, muscle type
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and location, growth hormones, health and stress, post-mortem
changes, water content as well as connective tissue and collagen
content in the carcass of the meat animals.>° Moreover, animal
breed is one of the major factors contributing to the typicity of
meat associated with a certain territory or origin, as showcased
in Table 2. Hence, the genetics of an animal constitute an impor-
tant factor of variation for organoleptic quality characteristics in
different animal breeds and species and plays an important role
in distinguishing speciality products when addressing the meat
fraud scenario.*?

The genetic makeup of the animal influences its meat composi-
tion as some breeds are known for producing meat with specific
attributes such as marbling, also called intramuscular fat (IMF),
that enhances flavour and tenderness.** Thus, the work of Cona-
nec et al.** concluded that the breeds known for their high lipid
content exhibit distinctive beef flavour intensity, whereas
double-muscled, fast-growing, and meat-centric breeds are often
associated with the production of exceptionally tender meat. In
addition, meat from rustic breeds showed lower tenderness and
juiciness.** Animal breeds, Piemontese, Limousin and Friesian,
showed a substantial impact on IMF and fatty acid profiles.*®
The Piemontese had the lowest levels of IMF and saturated fatty
acids (SFAs), while the Friesian breed showed the highest levels
of IMF, SFAs and monounsaturated fatty acids (MUFAs). In general,
Limousin animals showed intermediate characteristics, while for
cholesterol, non-significant differences were observed between
breeds.** However, it should be noted that the IMF content of
all animal species is very unequal according to breeds, the type
of muscle considered and the age at slaughter of the animal,*
which may contribute to explaining the differences found. Exam-
ining the organoleptic attributes of PDO and PGI fresh beef
reveals a spectrum of meat colour, ranging from a light pink/red
hue to a vibrant red, interspersed with fine veins of white IMF,
largely influenced by animal age (Table 2). Additionally, the meat
is identified as lingering juiciness, tenderness, a refined texture,
with consistency ranging from firm to tender, indicative of its
quality. Delving into the organoleptic quality, the aroma and fla-
vour profile of beef encompass distinctive elements. Notably,
the meat carries a characteristic flavour, evoking a true essence
of beef, coupled with a pleasant aroma. The taste profile is marked
by a tasteful and aromatic blend, influenced by the specific feed-
ing regimen. Other attributes associated with beef are tasty, fra-
grant and salty, all of which are attributes intrinsically linked to
the origin and eating habits/diet of the animals. Furthermore,
the provenance of fresh beef from beef animals is intricately
linked to a combination of factors such as historical, reputation
and the breed of the animal with a significant influence on the dis-
tinctive attributes of the meat. Together, these elements contrib-
ute to the rich profile of flavours and textures that define fresh
beef with PDO and PGI designations (Table 2).

Similarly, leaner lamb carcasses with less subcutaneous fat and
marbling, showed lower tenderness than those breeds with more
fat.*® When considering the distinctive features associated with
PDO and PGl certifications as detailed in Table 2 for lamb meat,
intrinsic factors play a pivotal role. These encompass the specific
lamb species, carefully designated based on the locality of pro-
duction systems, involving both male and female animals. Addi-
tionally, the age at slaughter, typically specified within a range
from days (30-180 days) to years (1-2 years), is a key determinant.
Specific weight requirements further contribute to ensuring the
production of high-quality meat. The organoleptic quality charac-
teristics of the lamb meat under PDO and PGl specifications are
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meticulously defined. The colour spectrum ranges from light/
bright pink to rosy/red/bright red, while specific textures, includ-
ing fresh, tender, soft and elastic, succulent and tender, and juicy,
contribute to the overall quality. The gamy meat features or spe-
cific characteristics, and the aroma of lean quality meat, along
with distinctive aromas and flavours linked to the production sys-
tem and diet, are key identifiers for lamb meat falling under the
PDO/PGl classification. These characteristics collectively underline
the stringent and detailed standards upheld by these certification
systems for lamb products (Table 2).

For pork, several studies have found that local pig breeds are
characterized by their higher IMF content, sometimes linked with
a higher proportion of MUFA, and lower drip loss which could be
linked to its higher juiciness and unique flavour Poklukar et al.*’
Exploring the key attributes associated with PDO and PGl desig-
nated pork, intrinsic factors, notably the species, are precisely
delineated based on production locale, encompassing both male
and female animals for the production of fresh meat (Table 2).
Specific criteria include weight requirements corresponding to
the age at slaughter is also specified for most of the pork animals.
Intrinsic factors contribute significantly to the distinctive quality
of the meat. Furthermore, the provenance of pig meat is deeply
rooted in historical reputation and the use of specific breeds.
These factors collectively contribute to the production of high-
quality pork that aligns with the stringent requirements of PDO
and PGl designations.

With regard to poultry (including fast and medium growing
meat types and slow growing egg types), genotype played a sig-
nificant role in influencing the lipid content and fatty acid compo-
sition of both breast and thigh meat*® Slow-growing birds
exhibited the lowest lipid levels in meat, the lowest proportions
of MUFAs, and the highest proportions of polyunsaturated fatty
acids (PUFAs). Notably, the total n-3 PUFA content in the breast
meat of slow-growing birds was twice that of fast-growing and fell
in between that of medium-growing birds (8.07% versus 4.07%
versus 5.14%) in terms of total fatty acids.*® The organoleptic attri-
butes of PDO and PGl fresh poultry meat revealed colour variation
from white, light pink, yellow to dark red, which is mainly influ-
enced by bird type, age and feeding method whereas, soft,
spreadable, tender, juicy and succulent with firm flesh and mus-
cles are the major textural characteristics of the poultry meat,
indicative of its quality (Table 2). Delving into the organoleptic
quality, the aroma and flavour profile of poultry encompass dis-
tinctive elements such as superior organoleptic characteristics,
fine meat with excellent taste are some of the specific flavour
requirements. As has been discussed for pork and beef, the qual-
ity of poultry is also closely related to historical and reputational
factors.

As well as the breed, the sex and age of the animal at the time of
slaughter also influence typicity, and can primarily affect protein,
fat, vitamins, and mineral content of meat along with sensory
properties. Female animals tend to be fatter given that their mus-
cle development is lower when compared to male animals.*®
Thus, heifers had increased fat thickness, steers and heifers had
higher marbling scores, higher sensory quality and low n-6:n-3
ratio, high levels of conjugated linoleic acid (CLA) and MUFAs
and lower Warner-Bratzler shear force (WBSF)*° as it has been
also observed for female lambs.>’ However, research has shown
that the sex effect is strongly dependent on the production sys-
tem (feedlot versus pasture).>® For chickens, some studies point
out that the meat from male breasts had a significantly lower
water-holding capacity (WHC) and significantly higher cooking
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loss than that of females.>® A study on organic production of Ross
chickens revealed that the meat from females showed higher pro-
tein, dry matter, fibre diameter and shear force and a significantly
lower fat level than the male group.>* Thus, where meat prove-
nance is related to the sex of an animal, these compositional dif-
ferences could assist in distinguishing provenance for different
meat animals.

In this regard, age at slaughter showed a significant influence on
the colour of meat from Eastern Anatolian red bulls slaughtered at
different months. Thus, older animals (19, 25 and 27 months) pre-
sented higher values of L*, a* and hue compared to their younger
counterparts (15 and 17 months).>> The age of the animal at
slaughter and muscle type affected dry matter, ether extract,
ash and crude protein non-significantly, however, slaughter age
influenced tenderness, juiciness, chewability and shear force sig-
nificantly. Furthermore, tenderness, juiciness, flavour intensity
and consumer acceptability were reported higher for bulls of
19 months whereas, the age increment resulted in lower scores
for already reported traits.”®> Accordingly, a study on deer (Dama
dama L.) reared in Poland’® showed that carcasses of young deer
(18-30 months) had lower IMF contents and lower levels of
toughness, elasticity, cohesiveness, heat drip and higher pH
values compared to older animals. For goats, the higher the age
at slaughter the higher the pH values, thiobarbituric acid reactive
substance (TBARS) and the lower the colour stability>” and the
tenderness.*® However, very young goats have lower IMF>° which
negatively affects juiciness and flavour. For lamb meat, a lower
tenderness with a darker colour as the age of slaughter increases
(2 versus 5 months) has also been reported by Polidori et al.?® The
older animals showed also significant higher content of fat and
protein, rumenic acid (a CLA), collagen content and both iron
and manganese levels. Other studies however did not find signif-
icant differences for pH, cooking loss, or chemical composition
but older lambs (40 versus 60 days) had meat with higher a* value
and higher SFA contents.®' Finally, pork meat (Iberian x Duroc
breed) also showed a progressive increase in a* value due to a
higher content of myoglobin and on extensively reared animals
it also leads to less fat infiltration, greater losses during cooking
and to greater toughness.®® These results agree with those find-
ings in Duroc x Landrace x Yorkshire which also reported higher
drip and cooking losses and higher b* values and a decrease in
sensory quality. However, older animals showed higher n-3 PUFA
percentage, crude protein along with essential amino acids
(EAAs).5® Similar results were found for chickens, and older ani-
mals (60, 90, 120, 150 and 180 days of age) often presented a
higher pH, lower drip loss, higher shear force, darker, and redder
breast meat.®* However, chickens have shown to be very sensitive
to age at slaughter. A recent study has shown that differences of
2 days (28, 30, 32 or 34 days) significantly affected protein, ash,
WHC of thigh shear force while redness tended to increase and
lightness tended to decrease with age.®®

Age has also been shown to influence the metabolism and mus-
cle composition of meat.°® Proteomic analysis of water-soluble
proteins in pigs of two different breeds, slaughtered at 6, 9 and
12 months of age, revealed that out of a total of 1125 protein
spots scrutinized, 41 proteins displayed variations in abundance
attributed to age. In addition, mass spectrometry identified a total
of 63 proteins that underwent changes, classifying them as struc-
tural, metabolic, stress/defence and other proteins. In the case of
chicken, it is observed that a higher age at slaughter is accompa-
nied by an increase in meat proteins.®® Despite these changes, the
individual amino acid composition does not show variations
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attributed to sex and age at slaughter,®” although it does show
differences between breeds.

Composition and organoleptic characteristics of meat in
relation to extrinsic factors

According to Fig. 2, extrinsic factors that affect meat quality are
the place of origin, feed and farming system that, as previously
stated, are very related.

The diet of an animal plays a crucial role in shaping the prove-
nance and quality of meat as an intricate relationship between
diet and meat characteristics exists as it is a multifaceted interplay
that significantly influences flavour, texture, and the nutritional
profile of meat. The composition of an animal's diet, whether it
includes grass, grains, forage, or a combination of these, contrib-
utes distinct nuances to meat. For instance, animals raised on pas-
ture may produce meat with more robust and complex flavours,
often attributed to varied plants/vegetation species consumed
during grazing. However, a diet rich in grains may impart a sweet
and milder taste to the meat. The impact of diet extends beyond
flavour. It also influences the composition of IMF, which contrib-
utes to the tenderness and juiciness of the meat. Among these
factors, extensive farming has increased in popularity since it
enhances the fatty acid composition of meat.?® Certain feeding
regimes may result in higher levels of w-3 fatty acids or other
desirable nutritional components in meat, adding to its overall
health benefits.®® Irish Grass Fed Beef (Table 2) is specified to have
a distinct grass flavour due to fatty acids and cooked qualities,
that is, complex ‘nutty’ undertones. Furthermore, the connection
between animal diet and meat provenance goes beyond taste
and nutritional aspects. The specific geographic location where
animals graze or are raised, along with the unique environmental
conditions and soil composition, contributes to the terroir, charac-
teristic taste and flavour imparted by the environment which is
particularly evident in meats with PDO or PGl status, where the
link between the meat's qualities and its origin is emphasized as
the role of fatty acids,®® amino acids,”® volatile compounds,”’
trace elements,’? stable isotope ratios,”> along with plants bio-
markers such as antioxidants, terpenes and metabolites (Table 2).

The use of different feeding treatments to change meat fatty
acid composition has been widely studied and the research keeps
looking for more effective feeding strategies which optimize fatty
acid composition and the oxidative stability of meat.”* In this con-
text, numerous studies have addressed the practice of raising ani-
mals on pasture because it significantly elevates their exposure to
and intake of forages, thus influencing the fatty acid composition
of meat. In a comprehensive study,?” the fatty acid composition of
pigs was examined across three distinct dietary regimens. The
results revealed the highest w-3 fatty acid concentration was
observed in pigs on a grain-free diet, followed by the 50% grain-
fed group, and the lowest in pigs exclusively fed 100% grain.?
Similarly, Nogoy et al.”> found that the ratio between n-6 and
n-3 fatty acids is more favourable in grass-fed (low n-6:n-3 ratio)
animals than the concentrate-fed (high n-6:n-3 ratio) livestock.
Similar results can be observed in the fatty acid composition of
grass-fed cattle and lambs, where the meat from these animals
has been shown to contain higher proportions of linolenic acid
(C18:3n-3), less linoleic acid (C18:2n-6), and higher proportion of
PUFA than the concentrate-fed animals.”® Besides this, the inclu-
sion of a higher proportion of grass feeding in the diet increases
the antioxidant capacity”” and the carotenoid levels of the mus-
cles. Moreover, pasture-fed animals show higher levels of caroten-
oids, retinoids and other volatile compounds such as
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2,3-octanedione together with lower levels of skatole. For exam-
ple, the natural grass diet of West Country Beef (Table 2) produces
meat with higher n-3 fatty acids and vitamin E concentrations.

Not only the chemical composition, but also the isotopic ratio
and mineral composition is affected by the diet because if C3
plants, such as vegetables, fruits, and cereals §'>C which values
range between —30 and —23%o are included in the diet, the value
of 6'3C in meat would decrease, while if C, plants are included
such as maize, sugarcane, sorghum, and millet with 5'C ranging
from —14 to —12%o, the meat 5'3C would increase.”® This is the
reason why the inclusion of acorns in the diet of Iberian pigs
decreased the §'3C (%o) as observed by Hernandez-Jiménez
etal’”®

The place of origin also shows an influence on meat composi-
tion, with extensively reared cattle kept at higher altitudes show-
ing higher PUFA values.®® The geographical origin has been
shown to influence the levels of mineral elements both essential
and pollutants.’ Therefore, Dehelean et al.”® reported that meat
samples from Romania were characterized by their levels of
potassium (K), Rb and palladium (Pd), and the sodium/potassium
(Na/K) ratio varied according to the country of meat production.
However, the contents of some mineral elements can be altered
by the inclusion of mineral supplements and also depend on
the farming system, thus Fe contents were found to be higher in
conventional pork than in organic pork.® Place of origin strongly
affects the isotopic ratio of meat samples because the §°H and
5'®0 values of precipitation decrease from low-latitude, low-
elevation, and coastal regions to inland areas of high-latitude
and mountainous regions.?' However, climates with higher tem-
peratures led to intensive processes of plant transpiration and
evaporation and subsequently to increased 2H and '80 isotope
fingerprints in meat samples as observed in Spain as compared
to Romania and Hungary.”®

Breeding conditions also influence meat quality characteristics
and is mostly dependent on the way the farmer treats and man-
ages the animals. The effects these factors have on meat quality
are highly variable, making it difficult to establish general laws
on the consequences of breeding conditions on meat quality.*?
The environmental conditions particularly temperature, humidity
and rainfall are dependent on the farming conditions where the
animals are kept. Temperature extremes mainly affect the storage
of muscle glycogen and consecutively the ultimate pH of meat
resulting in a pale colour and lower curing-cooking yield of
chicken meat2? reduces growth and development resulting in
fatter animals that can affect meat quality.2> However, low tem-
perature conditions in animal rearing produce leaner animals.2*
Not only farming practices but also pre-slaughter transportation
affects meat quality. One study carried out on young goat kids®*
indicated that, regardless of its duration, transportation had a sig-
nificant impact on various parameters indicating stress in live ani-
mals and the stress-induced effects affected fat cover in carcasses
and colour parameters.

Focusing on the farming system, male livestock animals are fre-
quently subjected to castration procedures even though this
practice is not typically viewed favourably in terms of animal wel-
fare*> The castration of animals can affect meat composition
since it promotes lipid accretion that can lead towards the fatten-
ing of a carcass.®° In this context, a study conducted on Piemon-
tese cattle revealed that in comparison to intact males, castrated
cattle exhibited lower water and hydroxyproline alongside higher
protein and fat levels.®” Similarly, in old male goats castration
increased cholesterol and SFA levels in the Longissimus dorsi
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muscles®® as was also reported for castrated pigs.®® Likewise,
another study carried out to determine the effect of immuno-
castration on carcass quality in pigs subjected to four treatments
as entire males, females, surgically castrated males and vacci-
nated males, reported that surgically castrated and vaccinated
males were fatter than others in the loin muscle area whereas, sur-
gically castrated were fatter and entire males were leaner in ham
area.”® These results are in line with those reported for the Alente-
jano breed. This study also found that entire males presented
lower antioxidant capacity and myoglobin contents and lighter
colour than that of castrates.®* When gilts and castrates were
compared, no effects on pH, moisture, cooking loss, WHC, and
WBSF were usually observed, while for IMF the results are contro-
versial and sometimes a higher content was observed for gilts and
in other cases the opposite was reported.”’*?

Traditional farming systems, associated with native breeds, are
growing in popularity around the world due to consumers' belief
that they provide higher quality meat compared to meat from
‘factory farmed’ or intensively produced animals. Also, consumers
positively value the better living conditions of the animals (wel-
fare). In this regard, a study conducted to elucidate the effect of
different keeping ways and feeding regimes on the fattening
of native Ztotnicka Spotted pigs, revealed compelling insights.”
Notably, the acorn-fed pigs exhibited higher fat contents, which
played a pivotal role in enhancing flavour and juiciness. Further-
more, they demonstrated a significantly higher MUFA content
and lower atherogenic, thrombogenic, and peroxidability indices
which underscore the profound influence of housing and feeding
practices on the overall quality of native pig breeds. Moreover, the
organoleptic qualities of PDO or PGI pork are characterized by
specific visual attributes, including a colour spectrum ranging
from light/bright red to pinkish-red marbled with IMF. The texture
is defined by fine, succulent, tender, and slightly fatty characteris-
tics. Notably, the aroma of quality meat and its distinctive flavour
are integral to the overall profile. These sensory aspects are intri-
cately linked to the production system and diet (Table 2).

Provenance markers

The earlier results show that the different intrinsic and extrinsic
factors linked to meat provenance affect the chemical composi-
tion and organoleptic quality of meat, but as noted earlier, the
composition and quality characteristics of meat can in turn be
indicators of provenance or provenance markers.

Trace elements as meat provenance markers
The presence of trace elements in the meat could be a good indi-
cator of the origin or of meat provenance. The mineral composi-
tion of meat changes with breed and age of animals, muscle
type and feeding practices and geographical site of rearing.”>**
Certain minerals and trace elements from soil that are characteris-
tic of a certain area can be present in the meat if the animal con-
sumed/ingested sufficient quantities of them through dietary
ingestion of grass or feed resources.” This is mostly the case for
Se, Rb and Fe, which can get deposited in organ meats and skel-
etal muscles.?*%°

The Se concentrations have been found to be higher in Ameri-
can soil than European soil, which can be substantiated by find-
ings by Franke et al.”” showing high Se concentrations in North
American beef and Brazilian poultry. Scientific literature has
recorded average Se concentrations (in mg kg™ dry matter) in
Swiss organic beef (0.15mgkg™') and conventional beef
(0.26 mg kg™") that are notably less than the levels observed in
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beef originating from North America (0.43 mg kg™").°® Unfortu-
nately, Se and other trace elements are also being fed to animals
through feed supplements which is a common occurrence that
sometimes makes it difficult to determine if the Se or other ele-
ments present in meat originated from the local feed resources
from soil or from a supplement.

The Rb is often found in high quantities in plants and drinking
water from granite and gneiss weathering soils, but the amount
that accumulates in meat and organs is dependent on the spe-
cies.”® Similarly, a study was carried out in which cattle beef sam-
ples from Europe, the United States, South America, Australia and
New Zealand were analysed to determine geographical origin.
The results identified by canonical discriminant analysis of key
elements (i.e., Sr, Fe, Rb and Se) provided maximal discrimination
among beef samples considering geographical areas. The find-
ings concluded that elemental analysis can be used to trace the
origin of beef meat.'®

As far as Fe content is concerned, it does not seem to be influ-
enced by geographical origin. Thus, studies carried out with beef
from Denmark, the United Kingdom, Australia and the
United States showed no significant differences in Fe content,
with values ranging from 16 to 24 mg kg™' of wet tissue.'®' How-
ever, feeding does seem to be a conditioning factor for Fe con-
tent. Thus, research carried out by Purchas and Zou'®? showed
that Angus crossbred heifers fed on grass in New Zealand
showed higher Fe contents in wet tissue than Angus crossbred
heifers fed on pasture in the United States. Similar results have
been described in pork where the Fe contents found in conven-
tional pork are higher than those found in organic pork from the
same area in China.>®

The measurement of other trace elements either alone or in
combination has also shown potential in dietary background
and geographical origin assignment.’ Research on pork meat'%*
showed that it was possible to identify pork by origin based on
29 macroelements and trace elements in samples from Korea,
the United States and four European countries.

Heavy metals, often seen as pollutants, can also be characteris-
tic to a certain geographical origin. Some heavy metals such as
arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury
(Hg), lead (Pb), nickel (Ni) and zinc (Zn) may be from human
action, but these metals are also found in the environment from
natural sources (soil erosion and weathering of the earth's
crust).'® Contaminated feed, drinking water and agricultural soils
play important roles in the transfer of these toxic metals to the
animal body.'% Thus, residual concentrations of Pb and Cd have
been found in muscle and offal of chickens, cattle, goats and
sheep raised in Tarkwa, Ghana'® and in Benin City, Nigeria,'®’
in cattle and sheep raised in Egypt'®® and in chicken meat raised
in Karachi, Hyderabad and Thatta, Pakistan.'®® The presence of As
and Pb has been described in veal and pork from Augusta Area,
southern Italy.'® While in some regions of China the presence
of As, Cd, Hg, and Pb has been described in pig, beef, mutton,
chicken, and duck meat.''® However, tracing these might not be
useful for determining animal origin based on fresh meat cuts as
they end up in inner organs usually not eaten by the con-
sumers.""" Thus the highest levels of Pb and Cd appear to be
found in the liver and kidney. The research carried out by Aljazzar
et al.'® on bovine meat showed that the kidney was the organ
with the highest Cd residues, followed by the liver, rumen, colon,
lung and tongue, with significantly higher values in all cases than
those found in muscle. Since it is often difficult to distinguish nat-
ural soil trace elements from feed supplemented ones. Hence, a
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more pragmatic option might be to verify trace elements that are
specific for local drinking water, litter, as well as in air,?®> which can-
not be falsified or masked easily and thus can ensure food authen-
ticity with special reference to meat and meat products. However,
these methods are especially promising for origin verification of
poultry because they are often not in contact with their local
environment.

Stable isotopes as meat provenance markers

Stable isotopes are atoms of the same element with identical
numbers of protons but varying numbers of neutrons. Isotope
analysis entails the measurement of ratios between different iso-
topes of elements like carbon (C), nitrogen (N), hydrogen (H),
and oxygen (O) in a sample. By scrutinizing the stable isotopic
composition, researchers can gain valuable insights into the geo-
graphical origin and composition of various food types. When it
comes to meat, it can provide information about the animal's diet
because the composition of bio-elements in animal tissue directly
depends on the diet composition consumed by the animal.

If the diet is characteristic of a specific area, analysing isotope
ratios can link it to its geographical origin whereas, C isotopic
composition can be related to production systems owing to dif-
ferent photosynthetic pathways of plants that are mainly con-
sumed by animals. The C; plant tissues deplete carbon dioxide
(CO,) in relation to atmosphere to about 19% while C,; plants
depletes about 4%. Indeed, plants preferentially assimilate lighter
and more abundant isotope '2C and the §'3C value for atmo-
spheric CO, is 0% which means 6'C values are negative com-
pared to that of atmospheric CO,. Then, C; plants show more
negative values than C, plants which means that animals fed with
C; plants show more negative values of §'3C.”° Additionally, Cs
type plants (vascular and crop plants) are commonly found in
temperate climate areas whereas C, plants (corn, sugar cane
and sorghum) are mainly found in tropical areas that are usually
not used in organic farming systems. Not only geographical prov-
enance but also production system, pasture versus cereal based
along with organic versus conventional systems, can be identified
by using '*C/"*C ratios.’

The different >N contents is a consequence of environmental
parameters like climate and soil conditions as well as agricultural
practices of different geographical areas.''? The chemical fertilizer
also depletes '°N more relative to organic fertilizer,''* which is a
potential reason why §'°N value of cattle from pasture-feeding
regions are higher than fed on cereal based feeds.''* However,
the presence of leguminous plant, which uses N of air as N source,
can result in a decrease of §'°N.""® This fact has been related to
the lower §'°N values found in products from animals grazing
on mountains as leguminous plants are more widespread in these
poor fertilized soils."’® However, Piasentier et al.'"® found that
5'"°N values were not dependant on the animal feeding regime
as reported in a study in which lambs were fed on a similar diet
but in different countries, resulting in meat with different '*N rel-
ative abundances. Furthermore, another study by Cormie and
Schwarcz''” demonstrated that climate and precipitation can
influence feed composition that can affect the isotopic composi-
tion of meat. For deer consuming plants such as corn and sor-
ghum, an inverse correlation between amount of precipitation
and ">N/"N ratios were found in which decrease of local precipi-
tation led to an increased '°N/'*N ratio which agrees with the
work of Heaton et al.''® who found that water stress increases
>N content in soil. This is due to fact that air N is transformed into
inorganic and organic forms of N through a physical process and
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microorganisms activity present in soil which are also affected by
factors such as soil depth and climate affecting 6'°N values of
s0ils.®!

Although not direct indicators of geographical origin, the ratios
of "3C/"?C and ">N/™N can serve as valuable indirect tools for dis-
cerning geographical provenance, especially when specific feed-
stuffs are traditionally associated with certain regions. This
becomes even more potent when these ratios are analysed in
conjunction with other isotopes like H and O. Besides isotopic
ratios of carbon ('3C/'2C) and nitrogen (*>N/'*N), isotopic ratios
of sulphur (3*5/°%S) and strontium (¥7Sr/%%Sr) can give an indica-
tion of the origin of feed and soils, while hydrogen (°H/"H) and
oxygen ('80/'°0) ratios are predominantly influenced by the
drinking water®® which in turn depends to geographical location
decreasing from low-latitude and low-elevation coastal regions
towards inland and high-latitude and rocky regions.'" Further-
more, atmospheric conditions have also been reported to affect
stable '®0/"°0 and ?H/"H ratios in groundwater and change when
moving land inward from seashores which can give an indication
of origin of meat animals for provenance.'®

Multi-element stable isotope ratio analysis involving C, N, H and
S serves as a valuable analytical tool for confirming the geograph-
ical origin of meat of various animals. In a comprehensive study,
beef collected from nine different European and non-European
countries were, after defatting, subjected to isotope ratio mass
spectrometry to determine ratios of '3C/'2C, '>N/'*N, 2H/'H, and
345/325, The study unveiled notable variations in mean isotopic
values among beef originating from different locations. Discrimi-
nant analysis identified four critical isotope ratios that were signif-
icant for discriminating geographical origin, accurately assigning
84.9% of meat samples to their respective countries of origin (with
82.2% success on cross-validation). Moreover, when additional
information about feeding practices was considered, beef sam-
ples could be classified according to their geographical origin.
Notably, all pasture-fed Irish beef samples were correctly classified
along with cross-validation, underscoring the technique's poten-
tial in identifying the origin of meat animals for provenance.'?°
Likewise, the study conducted by Boner and Forstel'?' demon-
strated the possibility of distinguishing between German and
Argentinian beef by examining O and H stable isotopic ratios,
while ratios involving S and N proved valuable in distinguishing
between various local geographic areas within three different
farms in Colonia Bay.

These isotope ratios ('3C/'2C,">N/"N, 2H/'H and 3*S5/°2S) have
also demonstrated the technique's potential in detecting cluster-
ing of beef samples based on specific environmental rearing con-
ditions in a study carried out in 13 different locations spanning
eight countries.”® Moreover, isotope measurements revealed sig-
nificant differences among coastal and inland regions alongside
production sites at various latitudes, regions characterized by dis-
tinct geological compositions, and diverse farming systems linked
to animals' dietary choices, whether primarily C; or C, based or a
combination of both.”®

Animal diet is one of the vital components linked to meat prov-
enance particularly considering the origin region for
South African lamb. Thus, a study carried out on defatted meat
from the Longissimus lumborum muscle of Dorper lambs showed
that the 6'C and 6'"°N values of lamb meat were mainly influ-
enced by the origin of the meat, mainly reflecting dietary factors
and environmental conditions.’?

Significant variations have been observed in stable isotope
ratios such as '®0 [isotope ratio mass spectrometry (IRMS)] and
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"H,2H and "3C [nuclear magnetic resonance (NMR)] based on pro-
duction site and dietary factors in meat samples collected from
Charolais steers raised at diverse geographical locations in
France, where they were fed on either maize silage indoors or
on a grass-fed diet. Furthermore, discriminant factorial analysis
effectively facilitated the identification of both the production site
and the diet of the animals using these parameters.'?* The §34S of
meat proteins tends to reflect the S values of plants on which
meat animals especially cattle are fed, that are mainly influenced
by the soil geology the plants grow on (e.g., the presence of sul-
phates or sulphides along underlying local bedrock type).”®
Whereas, additional influential factors encompass fertilization
practices, including S amendments, and the known sea-spray
effect due to sea proximity.5>'>* While if the local bedrocks are
poor in *S, for instance, if they are characterized by high amounts
of volcanic S or if they are rich in sulphides, a decrease in the iso-
topic ratio in meat tissues is observed.'?* Other factors reported
to affect this parameter are microbial processes in soil.*® However,
some studies have found that 5**S did not display geographical
differences,'®® while others found a strong variation within coun-
tries due to the effect of the distance from the sea.'”® Finally,
although less studied, the breed effect of meat animals has been
reported to influence 6°*S'*” showing that it could be a good
marker for meat provenance.

To date, there has been no extensive research conducted on the
climatic impact on the diet of extensively farmed livestock, but
any future research on the topic of detection of precipitation from
stable isotope ratios could be useful in determining the geo-
graphical origin of livestock for meat. Also, it is promising to
explore the role of the isotopic ratio of Sr/%Sr for determining
its role in meat provenance as its occurrence is highly dependent
on soil type and specific geographical features that are typical of
certain areas. It does not interfere with the environment, so it is
not influenced by temperature or vegetation, which can make it
easier to constrain results to certain areas for tracing origin for
meat animals.'?® In fact, when this ratio was used to identify geo-
graphical origin, it was concluded that 8Sr/%6Sr were site-specific.
For example, when inland versus island is compared'?® or when
the geological settings of the sample site are considered'*°
reflecting lithological properties of each region. However, it
remains a challenge to use this ratio to discriminate a broader
geographical origin such as between countries,'?¢'31:132

Plant biomarkers as meat provenance markers

Plant biomarkers for meat provenance are related to the identifi-
cation of specific compounds derived from plants as they can pro-
vide valuable information about the geographical origin, feeding
habits, and processing methods of animals contributing to trans-
parency and authenticity in the meat supply chain. Biomarkers
found in plants can be transferred to animals through their diet
and can be retained in animal tissues and meat and can serve as
indicators of an animals' dietary sources and environments. By
analysing biomarkers in meat, one can gain insights into the ani-
mal's diet as to whether they were raised on pasture, in feedlots,
or with specific supplementary feeds that can help to trace meat
provenance.

According to Prache et a components such as carotenoids,
phenols and terpenes can be classified as plant biomarkers.
Besides this, there are also metabolic markers derived from the
animal metabolism which include fatty acids and volatiles such
as 2,3-octanedione and 3-methylindole (skatole). Likewise, Darw-
ish et al.'® conducted a study to determine the total carotenoids,
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p-carotene, and retinol concentrations in livers and muscles of
ungulates including cattle, buffalo, sheep, goats and horses. The
results showed that cattle and horses exhibited the highest levels
of both total carotenoids and p-carotene whereas, sheep showed
the highest accumulation of retinol. In contrast, the lowest levels
of retinol were observed in buffalo. These findings demonstrate
the compeatibility of various plant metabolites for the differentia-
tion of meat animals.

The grass feeding system increases the antioxidant content in
muscles of meat animals whereas, antioxidants such as vitamin
E have beneficial effects on extending shelf life of meat by pre-
venting autoxidation of PUFA that can positively influence visual
organoleptic quality characteristics.>® Other plant compounds
that are potential tracers of extensive feeding or geographical ori-
gin to trace authenticity includes terpenes (plant metabolites) and
animal metabolites such as 2,3-octanedione and skatole.'”

In this respect, 2,3-octanedione (skatole) and terpenes have
been studied as biomarkers to track meat origin in calves reared
with different feeding strategies. Pasture-fed animals showed sev-
eral terpene-rich compounds in their composition and higher
levels of 2,3-octanedione in their fat. Likewise, although all ani-
mals showed skatole in perirenal and subcutaneous fats, animals
fed a concentrate-rich diet showed lower levels of this com-
pound.”** In poultry, the antioxidant activity of vitamin E, caroten-
oids and polyphenols from ingested plant extracts (rosemary and
oregano) can be used as biomarkers. However, the amounts of
these compounds are highly variable depending on factors such
as the level of total fat and especially the PUFA content.'>*

The examination of carotenoids in meat animals holds signifi-
cance considering the growing consumer interest in authenticat-
ing animal diets. For instance, carotenoids serve as valuable
markers for tracing the origins of pasture-fed animals. In this
regard, carotenoid content in sheep on a housed diet was shown
to be significantly lower, ranging from 2% to 3%, compared to ani-
mals on a pasture diet. Lutein, zeaxanthin and p-carotene were
the main plasma carotenoids found in grazing lambs. Further-
more, when lambs reached slaughter weight, those animals fed
on grass had higher levels of plasma carotenoids than those
fed in stalls. This distinction reliably differentiated the grass-fed
lambs from all other feeding groups.'*® Various studies based
on objective and subjective measurements reported that live-
stock fed on pastures had higher levels of carotenoid pigments
such as xanthophyll or lutein in their fat deposits than those fed
on concentrate diets.'®” Accordingly, Réhrle et al.’*® reported that
the p-carotene in the subcutaneous adipose tissue in heifers fed
with barley concentrate was lower than that from pasture and
silage followed by pasture or silage followed by pasture with con-
centrate whereas, lutein in the subcutaneous adipose tissue dif-
fered between groups with 0.13, 0.10, 0.08 and 0.04 pg/g for
pasture, silage followed by pasture, silage followed by pasture
with concentrate and concentrate groups, respectively. Principal
component analysis of carotenoids in adipose tissue, colour (L,
a*, b*, chroma and hue) and reflectance were able to distinguish
animals fed barley concentrate and pasture diets but not between
different pasture-based groups.

The volatile biomarkers present in ruminant tissues also serve as
effective discriminators between pasture-based and concentrate-
based dietary systems. The research carried out by Sivadier
et al."*® aimed to track the persistence of volatile tracers originat-
ing from a pasture diet in perirenal and caudal subcutaneous fat
of lambs. The results identified 39 tracers from the grass diet,
including terpenes, 2,3-octanedione and toluene, which can
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distinguish four different diets in both tissues. The majority of the
compounds exhibited ‘short’ persistence, for example,
2,3-octanedione and terpenes, while some displayed ‘medium’
or ‘long’ persistence and finally discriminant analysis tracer ratios
from adipose tissues enabled correct differentiation of different
diets indicating potential for meat provenance.*® The oxidation
of meat can result in off-flavours which tend to be stronger when
the animal diet contains tannins and these compounds are more
common in grass fed diets. The 2,3-octadione has been reported
to be 25 times higher in grass-fed animals than concentrate-fed.
Although 2,3-octadione does not necessarily give an off-flavour,
it is often associated with causing perceived flavour differences
between grass and concentrate-fed meat animals.*

Likewise, retinoid levels in the liver can be used as biomarkers.
These levels have been used to establish traceability of feeding
practices in lberian pigs, to distinguish between the montanera
system, characterized by free-range rearing and a diet centred
on pasture and acorns, and the cebo system, known for its inten-
sive approach with a concentrate-based diet."*® Retinoid levels
in the liver were able to classify the diet of Iberian pigs with 93%
accuracy rates far superior to those offered by other methods
such as the determination of perirenal fat.

The fatty acid composition can also be used as a plant bio-
marker. In fact, fat is an important indicator of diet, since the pro-
file of fatty acids in muscles or tissues, particularly for monogastric
animals, reflects fatty acids ingested by the animal through the
diet."*" The transition in feeding systems for meat animals, rang-
ing from a diet based on grass to concentrate, exerts a significant
impact on aspects such as growth, carcass characteristics, and
meat quality, particularly the fatty acid profile. In this context,
pasture-fed Timahdite lambs exhibited a superior percentage of
PUFA, especially in terms of n-3 fatty acids compared to feeding
systems comprising concentrate and hay. Additionally, they dis-
played a lower n-6:n-3 ratio, along with a higher percentage of
conjugated linoleic."** A pasture-finishing diet can lead to greater
deposition of n-3, CLA fatty acids, and a lower n-6:n-3 ratio in lean
meat compared to the grain-finishing diet."** The incorporation
of n-3 PUFA in the muscle is facilitated by a higher concentration
of linolenic acid, often found in roughages which is a natural
source of antioxidants that can lower the lipid oxidation rate, usu-
ally observed in grass-finished beef whereas, pasture-finished also
alters the concentration of volatile compounds formed during
cooking meat owing to the changes in the fatty acid profile.'**

The pH and stress biomarkers as meat provenance markers

One of the main indications of breeding conditions and the way
the animal was treated on the farm, during transportation as well
as pre-slaughter conditions is the ultimate pH of meat; deter-
mined by the extent of the pH decline 24 h post-mortem that
can influence meat quality attributes A high pH results in dark,
firm, dry (DFD) meat, while a low pH results in pale, soft, exudative
(PSE) meats because of the denaturation of proteins.

The stress which the animal experiences either on the farm, dur-
ing transport or at slaughter has long been recognized as promi-
nent factors influencing pH values.'*® Transportation also had a
significant impact on various blood parameters indicating stress
in live animals, such as glucose, cortisol, and creatine kinase.®®
The stress level that an animal experience is not directly linked
to provenance, but some stress causes such as transport from
farm to slaughterhouse or temperature extremes during rearing
and transport could give an inexplicit indication of meat animal
origin. For example, animals reared at remote locations might
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show more signs of stress due to the longer transportation
times.'*® Besides this, some studies point out that stress bio-
markers can hypothetically react differently depending on the
breed or farm management system which are factors related with
meat provenance. In this sense, recent studies'*” showed both
factors had the highest impact on cortisol, lactate, and serum
amyloid A which were identified as potential stress biomarkers
in relation to ultimate pH. In fact, increased cortisol levels were
observed in wilder or nervous ‘temperament’ breeds both for
calves and sheep.'*®

The environmental conditions particularly temperature, humid-
ity and rainfall are dependent on the farming conditions if the ani-
mals are kept indoors but can also be influenced by regional
climatic conditions. In this context, some studies have shown that
acute-heat stress conditions resulted in the decrease of the ulti-
mate pH of chicken meat.®? Similarly, another study® illustrated
the effect of low temperatures of animal rearing conditions on
the ultimate pH. Piglets raised in cold temperatures were found
to exhibit a lower ultimate pH than those raised at thermoneutral
temperatures; even when they were fed at will, their capacity of
ingestion was too limited to cover their increasing needs. This
effect, however, was found to be reversible if the pigs were placed
in neutral temperatures in the finishing phase of their growth.

Furthermore, for poultry, exposure to continuous temperatures
above 32 °C caused oxidative stress by elevating citrate synthase
activity, the messenger RNA (mRNA) expression of M-CPT1, and
phosphorylation level of AMPKa and reduced mRNA expression
of avUCP whereas, heat exposure for 14 days increased the pH
values. Overall, the study concluded that chronic heat stress
impairs meat quality by causing mitochondria to malfunction,
affecting energy-substance aerobic metabolism that can lead
towards increased glycolysis. Pigs are also quite sensitive to high
temperatures and when they suffer heat stress they tend to
decrease their feed intake resulting in IMF'*° and an increase of
the oxidative reactions altering the meat quality.>® However, it
has been found that for some traditional breeds like Iberian pigs
heat exposure did not affect pH and stimulated the activity of
antioxidant defences.'”’

Organoleptic quality characteristics as meat provenance
markers

Organoleptic qualities refer to sensory attributes of a product that
can be perceived by the human senses, such as appearance, tex-
ture, taste, smell and even sound. These qualities play a pivotal
role in determining the overall sensory experience and consumer
acceptance of various products, including meat. Considering
meat and meat products, organoleptic qualities are crucial as they
influence consumer preferences and can vary based on cultural
and personal preferences. In the context of meat production
and culinary arts, understanding and optimizing these qualities
can lead to more enjoyable and satisfying meat products. It is dif-
ficult to assign certain organoleptic quality characteristics to cer-
tain animal species since these highly vary per breed and
species and are also influenced by factors such as age and sex
(Table 2).

Colour

The meat appearance on retail shelves is critical for consumer
acceptance and particularly, the colour of lean tissue is an impor-
tant quality indicator for consumers. The meat colour aspects con-
sidered as most important ones include paleness, redness and
browning. The paleness or lightness of meat is related to the
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myoglobin concentration and light scattering properties whereas,
redness and brownness are more related to the myoglobin con-
centration and the chemical state of the myoglobin, particularly
oxymyoglobin.'*? It has been documented that meat from exten-
sively farmed livestock is darker than meat from animals fed con-
centrates. Additionally, the animals finished on pasture had a
value of L* (lightness) about 5% lower than animals finished on
concentrate.>* This is due to a higher content of myoglobin in
the muscle, an effect directly linked to the farming method, diet,
as well as physical activity level of the animal. For example, the
purple red colour of Vaca de Extremadura beef (Table 2) is because
the meat has a higher concentration of myoglobin. This is due to a
range of factors, including the farming system, which involves
greater levels of physical activity in extreme conditions in the
search for food in the dehesa-style landscape (wooded pasture-
lands). The combination of these factors has an impact on the
desirable and distinguishing aspects of the meat.

Similarly, the beef from organic grazing systems also tends to
have a more intense red colour (higher a* value) than meat from
concentrate-fed beef, but this pronounced effect is less visible
with animal age.®° Accordingly,'®* the growth rate had a greater
impact on muscle and fat deposition in feedlot steers than pas-
ture fed; feedlot animals had higher Longissimus muscle area
and meat luminosity compared to pasture fed steers. For meat
colour, steaks of feedlot high (F-H) steers reported higher L*
values than other steaks whereas, beef from F-H cattle showed
higher b* value (yellowness) than pasture high and low as well
as older animals have higher concentrations of iron resulting in
dark coloured meat compared to meat from young animals.
Another study,” reported that slaughter age and muscle type
affect quality attributes in eastern Anatolian red bull as older ani-
mals (19, 25 and 27 months) had higher L*, a* and hue values than
younger animals (15 and 17 months). Likewise, Bure$ and Bar-
ton'>* reported the effect of sex and slaughter age on
Charolais x Simental breed and the results showed an animal
sex and slaughter age interaction, therefore Longissimus lum-
borum colour was lighter in bulls slaughtered at 18 months com-
pared to 14 months and darker in older heifers than young ones.
Nevertheless, the study reported that without proper information
about the production background of the animal, it might be diffi-
cult to determine the difference between colour influenced by
farming method, age at slaughter, or intrinsic meat characteristics
such as muscle fibres type along with fatty acid composition.

The pasture-fed animals that primarily ingest luscious green
vegetation generally deposit more yellow pigments (higher b*)
into their fat, which has led to propose the analysis of these
pigments to authenticate grass feeding of animals.'>> The slow-
growing poultry species have more physical activity that can influ-
ence carcass colour resulting in meat and fat with more (dark) yel-
low colour.”® In this regard, outdoor access increased a* and b*
colour value of turkey thigh muscles. The slow-growing and the
fast-growing turkey genotypes had higher L* values for breast
than medium-growing genotype whereas, the slow-growing
genotype had lower a* and pH values for breast meat. Addition-
ally, breast meat of slow-growing genotype was more yellow
(higher b*) while the high-growing genotype had higher L* and
lower a*."*” The colour of bovine subcutaneous adipose tissue
(carcass fat) depends on animal age, gender and breed especially
for cattle. Diet is the most important extrinsic factor; however, its
influence depends on feeding duration along with the type of
feeding. The cattle reared under extensive grass-based produc-
tion systems generally have more yellow carcass fat than
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intensively-reared, concentrate-fed counterparts which is mainly
caused by carotenoids from green forage. The different nutri-
tional strategies cause differences in fatty acid composition and
it may be reflected by variations in fat colour which can aid
authentication of dietary history and origin of meat. Yet this
potential utility is complicated by the simultaneous rather than
discrete use of forages and concentrates in real production sys-
tems."® The fat colour is a valuable tool for tracing feeding prac-
tices also for Iberian pigs where it has been proven useful in
distinguishing between montanera and cebo systems.'*® Notably,
L* values for montanera-fed animals differed significantly from
those fed on concentrates.

Texture characteristics

Meat texture refers to the physical feel, consistency, and mouth-
feel of meat when it is cooked and consumed which is influenced
by numerous factors, including the animal's breed, age, diet, mus-
cle usage, and cooking method of meat. The different breeds pos-
sess distinct characteristics for meat texture and flavour owing to
variations in genetics and feeding methods along with husbandry
practices. Considering breeds for beef, Angus is known for its mar-
bling that refers to IMF responsible for tender and juicy meat tex-
ture whereas, Hereford beef tends to have more moderate
marbling level compared to Angus leading towards a slightly lean
texture. Also, Wagyu beef which comes from highly valued
Japanese breeds like Kobe, is well-known for its extremely high
marbling level resulting in a buttery, melt-in-mouth texture
whereas, Holstein cattle which are primarily raised for dairy prod-
ucts produce lean beef with tough or less tender meat texture
owing to its low marbling level.

The texture of German Holstein and Simmental bulls randomly
allocated to either indoor concentrate feeding or pasture feeding
revealed that WBSF values of pasture-fed bulls were significantly
higher (relates to tougher meat) compared to that of
concentrate-fed bulls."*® Similarly another study by Nuernberg
et al.'® reported that pasture-fed bulls meat was tougher than
meat from concentrate-fed bulls. The concentrate feeding system
enables the animals to grow at much faster rate and results in
more tender meat than the grass feeding system.'®' Also, giving
animals access to outdoor living areas increases their physical
activity which can decrease the fattening of animals and increase
meat toughness leading towards decreased tenderness of meat.
Contrary to that, non-significant differences were reported by
the dietary regime on meat juiciness despite the differences it
causes in fat level as well as meat tenderness.'?

Considering pork meat texture, Duroc pork is known for its rich
flavour and good marbling level resulting in tender and juicy meat
and Berkshire pork is highly marbled and tender whereas, York-
shire pork breeds which are commonly used commercial pork
breeds yield lean meat comparatively drier compared to other
breeds. In this regard, Migdat et al."®® reported that for different
breeds (Polish Landrace, Polish Large White, Duruc, Pietrain and
Pulawska) shear force values of loin and ham meat increased with
the progression of animal age and texture parameters such as
hardness and chewiness were significantly affected. Another
study on different pig breeds (Duroc, Landrace and Yorkshire)
indicated that marbling scores showed significant differences
for breed and sex on meat quality characteristics. In addition, pork
with lower ultimate pH showed lower cooking loss, higher light-
ness and shear force irrespective of animal breeds.'®*

Considering the texture of lamb meat, Suffolk lamb is known for
its meatiness and lean texture, while Dorset lamb has good
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balance of meat and fat resulting in tender meat whereas, Navajo-
Churro which is a heritage breed have a slightly gamier flavour
with lean hard texture. Additionally, Safiudo et al.'®® reported that
the tenderness of lamb meat is influenced by animal breed, and
the same holds for the widespread animals of beef breeds.'®® In
this context'®” the Najdi sheep breed had higher ultimate pH
and lower cooking loss than Awassi and Harri breeds. Awassi
and Harri sheep had higher myofibril fragmentation index, longer
sarcomere length and lower hardness and chewiness than the
Najdi sheep.

For the texture of poultry meat, chicken raised for meat
(broilers) possess tender meat with a relatively mild-flavour owing
to their fast growth rate in contrast to heritage chicken breeds like
Rhode Island Red or Plymouth Rock which have a firm texture and
strong flavour that is attributed to the longer growth period
and physical activity of these chicken breeds.'®® In this context,
characteristics like ‘chewiness’, ‘hardness’ and ‘springiness’ have
been found to be different between jidori-niku and chunky broiler
with chewiness and hardness reported to be highest in chunky
broiler Pectoralis major and followed by jidori-niku Biceps femoris,
while the springiness values were highest in jidori-niku Biceps
femoris muscles.'®®

Aroma and flavour characteristics

Aroma and flavour play a crucial role in enhancing the overall sen-
sory experience of food products especially meat dishes and pro-
cessed meat products which is mainly influenced by meat type,
cooking method, seasonings and accompanying ingredients,
chemical reactions during cooking as well as storage conditions
after cooking or processing. In this context, Vasta and Priolo'”°
reported that volatile compounds are influenced by an animal's
dietary pattern and the presence of certain compounds makes it
possible to identify meat based on its diet or even geographical
origin for provenance.

The VOCs affect both aroma and flavour, which means that the
flavour of the meat is also influenced by the dietary patterns of an
animal. The distinct proportions and amounts of individual VOCs
varied significantly among different meat animal species, opening
new research avenues for characterizing animal species, authenti-
cating meat species, and identifying anomalies for food fraud
detection or meat provenance.'”’ Thus, turkey had the highest
total concentration of VOCs, while chicken exhibited the lowest.
Among mammalian meats, veal and beef exhibited a higher total
concentration of VOCs compared to pork.

The volatile profiling not only elucidates aromatic qualities of
animal meat but also holds promise as a method for distinguish-
ing and authenticating it. Accordingly, to Yang et al.'’? the five
most-consumed meats like duck, chicken, beef, mutton and pork
can be easily distinguished based on volatile flavour compounds
profiles. Among these flavour compounds, including 2-pentyl
furan, 2-butyl furan, 2-hexyl furan, 1-octen-3-ol and 1-octen-
3-one, there was a positive correlation with duck meat, while
methyl esters emerged as the primary discriminant biomarkers
for beef. The study's conclusion highlighted that the phenome-
non of volatile profiling for authentication was attributed to vari-
ations in fatty acid patterns across different meat species.'”?

Tibetan pork is favoured for its unique aroma originating from
chemical reactions during cooking owing to characteristic precur-
sors like fatty acids, free amino acids, reducing sugars and thiamine
that are mainly linked to the pig's specific rearing method.'”* The
study compared semi-free range and commercial (indoor) rearing
systems reported that the pork had characteristic higher -3 PUFA,
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aromatic (phenylalanine), and S-containing (methionine and cyste-
ine) free amino acids, higher thiamine and lower reducing sugars
whereas, boiled Tibetan pork displayed elevated levels of heptanal,
4-heptenal, and 4-pentylbenzaldehyde compounds in comparison
to commercial pork. Additionally, multivariate analysis unveiled
precursors combination along volatiles possessed the discrimina-
tive potential for characterizing Tibetan pork.'”® Similarly, the iden-
tification of the feeding system in Iberian pigs (montanera, cebo
extensive and cebo) can be carried out by studying the composition
of volatile compounds in the subcutaneous fat of the pig, being the
volatile compounds involved 2,2,2,4,6,6-pentamethyl-heptane, m-
xylene, 2,4-dimethyl-heptane, 6-methyl-tridecane, 1-methoxy-
2-propanol, isopropyl alcohol, o-xylene, 3-ethyl-2,2-dimethyl-
oxirane, 2,6-dimethyl-undecane, 3-methyl-3-pentanol and limo-
nene compounds.'’*

Chicken meat is rich in unsaturated fatty acids so making it par-
ticularly prone to lipid oxidation and the generation of VOCs. In
this regard, Mancinelli et al.'”” reported that genotype and cook-
ing method strongly influenced VOCs like aldehydes, alkadienes,
alkenes, furans, amides, alcohols, and other compounds. Further-
more, it was observed that the slow-growing genotype exhibited
a greater extent of VOCs production and n-3 fatty acid loss, while
the medium-growing genotype showed more significant reduc-
tion in n-6 fatty acids. In contrast, the fast-growing genotype dis-
played minimal losses in antioxidants and PUFAs, resulting in the
least production of VOCs.'”® Thus, it could contribute to the rea-
son why consumers tend to prefer free-range chickens raised in
superior welfare conditions due to their unique taste and flavour,
which often command higher market prices compared to
chickens raised intensively in barns.

It is important to note that the compounds responsible for meat
flavour are pH-dependent and pH-sensitive and are particularly
influenced by high final pH values in the carcass. Thus, Priolo
et al.'”® identified at least ten flavour components of meat from
grass-fed animals that were pH-dependent. Likewise, high final
pH values in lamb meat are often associated with the production
of off-flavours.

Another extrinsic factor that has been found to occasionally
influence the organoleptic quality is the type of habitat the animal
is exposed to or the feeding system. For example, the raising of
pigs on straw is often associated with a superior bacon flavour'”®
whereas raising them on sawdust bedding with an outdoor area,
instead of a conventional slatted floor, can produce juicier pork
meat with higher yellowness and hue values which also depends
on muscle type.'”” Although, these effects have not been exten-
sively studied, they underscore the potential impact of environ-
mental conditions."’”'”® There is much uncertainty about the
actual effects of habitat on quality, but it could be especially
important to take this into account for PDO and PGI products
since it can give a specific typicity to products. Similarly, the pro-
cessing can also be important for PDO and PGI products as it
can add a special flavour to it, for example, from bacteria, smoke,
or air, which do not only give a product its typicity but might also
be specific to manufacturing practices in a certain geographical
area.”®

CONCLUSIONS

An immensely significant facet of meat authentication within the
contemporary meat industry revolves around the concept of
provenance which encompasses a multifaceted interplay
of numerous factors, including geographical origin, farm
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production systems or rearing methods, traceability, and authen-
ticity systems. These elements converge to bestow a distinct
sense of originality, reputation, and unique characteristics upon
the meat product. The geographical origin and farm production
system are extrinsic factors responsible for giving a product its
typicity and directly influence the intrinsic meat composition
and organoleptic quality characteristics whereas, traceability
and authenticity are crucial to manage information transparently
in the supply chain to ensure the product is indeed what it is sup-
posed to be. This means that by assessing relevant meat compo-
sition and organoleptic quality characteristics, an indication of a
meat product's provenance can be obtained. The most suitable
provenance markers that can provide a strong link to extensive
farming systems are trace elements and stable isotopes as they
directly reflect the dietary composition (often geographical origin
specific) of an animal. Essentially, the natural diet provides an indi-
cation of origin as certain plants and/or elements from the soil are
characteristic of certain geographical regions that can also help to
determine the meat animal's provenance for authenticity. Other
markers that can be used to indicate diet or origin are plant bio-
markers, fatty acid composition, volatile flavour compounds, pH,
and the organoleptic characteristics, but their link is less evident,
as they can also be influenced by extrinsic factors unrelated to
provenance. To be able to trace these markers to the extrinsic fac-
tors that determine provenance, it is essential to have a good
traceability system in place for the integrity of the supply chain.
Animal species and breed are also important markers for prove-
nance, and to prevent fraud of protected products it is important
to take this into account as some products are only produced
from specific breeds or species and will lose their typicity if these
requirements are not met considering meat animals as well as
processed meat products.
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