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Summary (English version)

The present thesis evaluates the feasibility of incorporating hazelnut skins (HS), a by-product of the
hazelnut industry currently classified as waste, as an alternative feed ingredient in beef cattle diets.
For this aim, a multidisciplinary approach was employed, spanning sustainability assessment,
consumer attitude analysis, in vivo and postmortem evaluations, as well as meat quality assessment,
and sensorial analysis.

A preliminary sustainability assessment was conducted across 106 innovative European livestock
farms, using the Public Goods tool. The analysis allowed to provide an in-depth analysis of the
complex relationships among environmental, economic, and social sustainability dimensions.
Negative correlations between profitability and environmental indicators highlighted the
disproportionate transition costs borne by innovative farms, underscoring the need for more integrated
and adequately supported sustainability frameworks in the livestock sector.

A market analysis was conducted on 900 Italian beef consumers to identify attitudinal profiles
towards beef obtained from animals fed with HS, an agro-industrial by-products and focus of the
present thesis. The study identified five distinct attitudinal profiles, with overall acceptance of HS-
fed beef consistently above the scale midpoint across all segments. Consumer perceptions were found
to be modulated by environmental awareness, food neophobia, and individual value systems,
highlighting the importance of tailored communication strategies for the successful market
introduction of novel sustainable products.

An experimental trial was then conducted, involving 80 Piemontese beef bulls allocated to a control
(CTR) or test (T) diet (with an 8% dietary inclusion of HS). The study demonstrated that HS inclusion
did not compromise animal health, nor productive performance (body weight, average daily gain and
feed intake), whilst haematological findings suggested a possible modulatory role of HS bioactive
compounds on inflammatory processes. The significant enrichment of test feeds in total phenolic
content positions HS as a functionally relevant ingredient with potential implications for feed
oxidative stability and animal health.

Postmortem evaluation confirmed the nutritional equivalence of HS under the tested conditions, with
no statistically significant differences detected for carcass traits, physico-chemical properties, water
holding capacity, texture profile, proximate composition, myoglobin redox forms, or muscle fibre
composition. All values were consistent with breed reference ranges, supporting the suitability of HS
inclusion in a PDO-registered, high-value production system like the one of the Piemontese breed.
Finally, the sensorial study revealed that information provision significantly modulates consumer

perception of HS-fed beef. Negative sensory evaluations observed under blind conditions were
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substantially attenuated when consumers were informed about the ingredient, with overall liking
improving significantly under informed conditions. Self-reported willingness to pay for HS-fed beef
increased in the expected condition, indicating a positive attitudinal response to sustainability-related
information. These findings confirm the critical role of transparent and strategic communication in
determining the market acceptance of sustainable food innovations.

Taken together, the results of this thesis provide a comprehensive evidence base supporting the
viability of HS as a circular economy feed ingredient for beef cattle, with implications for both the
hazelnut and beef industries, and for the development of more sustainable and consumer-responsive

livestock production systems.
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Summary (Italian version)

La presente tesi valuta la fattibilita dell'utilizzo delle bucce di nocciola (HS), un sottoprodotto
dell'industria della nocciola attualmente classificato come rifiuto, come ingrediente alternativo nella
dieta dei bovini da carne. A tal fine, ¢ stato adottato un approccio multidisciplinare, che comprende
la valutazione della sostenibilita, I'analisi degli atteggiamenti dei consumatori, valutazioni in vivo e
post mortem, la valutazione della qualita della carne e l'analisi sensoriale.

Una valutazione preliminare della sostenibilita ¢ stata condotta su 106 allevamenti europei innovativi,
utilizzando il Public Goods tool. L'analisi ha permesso di fornire un'analisi approfondita delle
complesse relazioni tra le dimensioni ambientale, economica e sociale della sostenibilita. Le
correlazioni negative tra redditivita e indicatori ambientali hanno evidenziato i costi di transizione
sproporzionati sostenuti dagli allevamenti innovativi, sottolineando la necessita di quadri di
sostenibilita piu integrati e adeguatamente supportati nel settore zootecnico.

Un'analisi di mercato ¢ stata condotta su 900 consumatori italiani di carne bovina per identificare i
profili attitudinali nei confronti della carne ottenuta da animali alimentati con HS. Lo studio ha
identificato cinque distinti profili attitudinali, con un'accettazione complessiva della carne HS
costantemente al di sopra del punto medio della scala in tutti i segmenti. Le percezioni dei
consumatori sono risultate modulate dalla consapevolezza ambientale, dalla neofobia alimentare e
dai sistemi di valori individuali, evidenziando I'importanza di strategie di comunicazione mirate per
il successo dell'introduzione sul mercato di prodotti sostenibili innovativi.

E stato quindi condotto un trial sperimentale coinvolgendo 80 bovini maschi di razza Piemontese
assegnati a una dieta di controllo (CTR) o sperimentale (T), quest'ultima con un'inclusione dell'8% di
HS. Lo studio ha dimostrato che l'inclusione di HS non ha compromesso la salute degli animali né le
loro prestazioni produttive (peso corporeo, accrescimento medio giornaliero e consumo di mangime),
mentre 1 risultati ematologici hanno suggerito un possibile ruolo modulatorio dei composti bioattivi
delle HS sui processi infiammatori. Il significativo arricchimento in contenuto fenolico totale dei
mangimi sperimentali posiziona le HS come ingrediente funzionalmente rilevante, con potenziali
implicazioni per la stabilita ossidativa del mangime e la salute animale.

La valutazione post mortem ha confermato l'equivalenza nutrizionale delle HS nelle condizioni
testate, non rilevando differenze statisticamente significative per i parametri di resa alla macellazione,
le proprieta fisico-chimiche, la capacita di ritenzione idrica, il profilo tessiturale, la composizione
chimica di prossima, le forme redox della mioglobina o la composizione delle fibre muscolari. Tutti

1 valori sono risultati coerenti con i1 valori di riferimento della razza, supportando l'idoneita
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dell'inclusione di HS in un sistema produttivo di alta qualitd con marchio DOP come quello della
razza Piemontese.

Infine, lo studio sensoriale ha rivelato che la fornitura di informazioni modula significativamente la
percezione dei consumatori nei confronti della carne HS. Le valutazioni sensoriali negative osservate
in condizioni cieche sono state sostanzialmente attenuate quando i consumatori erano informati
sull'ingrediente, con un miglioramento significativo del gradimento complessivo in condizioni
informate. La disponibilita a pagare (auto-dichiarata) per la carne HS ¢ aumentata nella condizione
attesa, indicando una risposta attitudinale positiva alle informazioni legate alla sostenibilita. Questi
risultati confermano il ruolo critico di una comunicazione trasparente e strategica nel determinare
l'accettazione di mercato di innovazioni alimentari sostenibili.

Nel complesso, 1 risultati di questa tesi forniscono una base di evidenze completa a supporto della
viabilita di utilizzo delle HS come ingrediente mangimistico per i bovini da carne in un’ottica
dell'economia circolare, con implicazioni sia per le filiere della nocciola e della carne bovina, sia per

lo sviluppo di sistemi zootecnici piu sostenibili e rispondenti alle aspettative dei consumatori.
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1.1 Sustainability in animal farming

1.1.1 Definition and legislative framework

The origins of the term “Sustainability” are found in the French verb soutenir, which means “to hold
up or support” (Brown et al., 1987), but its modern conception was firstly based on the silvicultural
principle stating that the amount of wood harvested should not exceed the volume that grows again.
A further key-step was represented by the publication of the “Our Common Future” report by the
Brundtland Commission in 1987. The report not only highlighted the profound negative impacts that
human activities were exerting on the planet through an unsustainable exploitation of the
environment, but also provided the first definition of sustainable development as “meeting the needs
of the present without compromising the ability of future generations to meet their needs” (WCED,
1987; Hajian and Jangchi Kashani, 2021). Over time, the notion was expanded to include
environmental, social, and economic sustainability, as the balance of the three ensures the
sustainability of a product, company, supply chain or sector.

This definition was further elaborated in 2015, when the United Nations described Sustainable
Development as the common achievement of the 17 sustainability goals, the core heart of the 2030
Agenda (Paraskevopoulou et al., 2020). These goals aim to end poverty and other deprivations
through hand-in-hand strategies aimed at improving health and education, reducing inequality, and
spurring economic growth, all while facing climate change and working towards’ nature preservation.
Addressing these issues has led to a parallel increase in the relevance growth of the relevance of the
circular economy, defined as “a regenerative system in which resource input and waste, as well as
emissions are minimized by slowing, closing, and narrowing energy and material loops” (Brennan,
Tennant and Blomsma, 2015). These goals can only be achieved through long-lasting design based
on maintenance, repair, reuse, remanufacturing, and recycling, in open contrast to the current linear
economic model, characterized by a ‘take, make, dispose’ model of production.

In this context, the European Union has positioned itself as a leading global actor in sustainable
development policies targeting economic, environmental and socially sustainable development, such
as the European Green Deal (Steurer, Berger and Hametner, 2010). Developed in 2019, the Deal aims
to ensure the sustainability of the EU economy by transforming climate and environmental challenges
into opportunities in all strategic areas and by creating a fair and inclusive transition for all actors. Its
core is represented by the Farm to Fork strategy, which aims to make food systems fair, healthy and
environmentally-friendly along the whole supply chain and also constitutes the legislative framework

for the present work (Figure 1) (European Commission, 2020a).
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Figure 1. Infographic of the Farm to Fork Strategy implemented by the European Green Deal (European
Commission, 2020b)

Among the sectors most directly implicated in this transition, animal farming occupies a central role,
given its far-reaching environmental, social, and economic footprint, with the beef sector being
particularly affected, as it has the highest environmental impact among all types of meat (Gerber et
al., 2015).

Despite a general increase in global meat production in the last 20 years (+55%) due to population
growth and rising income levels, the beef industry is currently facing several challenges ((OECD and
Food and Agriculture Organization of the United Nations, 2019). Among them, consumers’ growing
demands to address and reduce its environmental impact, to provide greater transparency in terms of
product’s origin, authenticity, and overall traceability (Sanchez-Sabate and Sabaté, 2019). The
economic and social repercussions of these pressures are already evident, manifesting in rising
production costs, increasing retail prices, and a progressive decline in workforce retention within the
agricultural sector (Hocquette and Chatellier, 2011). Consequently, the trajectory of European beef
production in the coming years is expected to shift away from quantitative growth, towards a
qualitative transformation of its production methods (Terry ef al., 2021).

Based on the present framework, addressing these challenges will require the development of
innovative and more sustainable production strategies capable of meeting evolving consumer

expectations (Hocquette et al., 2018).
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1.1.2 Sustainability pillars

To understand and effectively improve the sustainability of animal farming, it is first necessary to
evaluate how the sector interconnects with its environmental, economic and social dimensions. While
these are often discussed separately, it has been widely demonstrated how any progress in one area
inevitably influences the others, making an integrated approach essential for the development of truly
sustainable livestock systems (Diaz Vicuna, Adams, et al., 2025).

The environmental impact of livestock farming is one of the most recognized at both consumer and
legislative level, as well as one of the most investigated by the research community. All types of
animal farming, from extensive to intensive, from monogastrics to ruminants, exert an impact the
environment and, in turn, can be affected by the environmental changes they contribute to generate
(Henry, Eckard and Beauchemin, 2018). Monogastric production is primarily associated with issues
related to excretion of ammonia, ruminants with greenhouse gas (GHG) emissions. Both production
systems are furthermore associated with manure management challenges, water footprint,
deforestation, and biodiversity loss, largely driven by feed crop cultivation, which contributes to land
use change and fertiliser-related pollution (Poore and Nemecek, 2018; Henry ef al., 2019; Parlasca
and Qaim, 2022; Xu et al., 2023). On the other hand, not all types of interactions are negative;
extensive systems can contribute to the enrichment of the local flora and fauna, while intensive
systems are more efficient in terms of resource use. While the framework is complex, mitigation
strategies currently under investigation include improved feed efficiency, precision nutrition, manure
management, renewable energy integration, and circular resource utilisation.

The social pillar encompasses a broad range of dimensions, including food security, rural
employment, public health, ethical animal treatment, and consumer trust. The livestock sector
contributes up to 50% of the global agricultural gross domestic product (Herrero ef al., 2016) and
supports the livelihoods and food security of approximately 1.3 billion people in developing countries
(OECD and Food and Agriculture Organization of the United Nations, 2019). From a nutritional
standpoint, meat represents a valuable source of high-quality protein, iron, zinc, and vitamin B12;
however, its excessive consumption has been associated with an increased risk of chronic diseases
(Gonzélez et al., 2020). Sustainable livestock systems must therefore navigate the tension between
these nutritional benefits and broader public health considerations, while simultaneously responding
to evolving societal expectations regarding animal welfare and production transparency.

The economic pillar is also crucial in determining the long-term resilience of the sector. Currently,
the biggest challenge is adapting to increasingly stringent environmental regulations and shifting
market demands while maintaining productive levels sufficient to survive. While the EU is also

providing assistance through emerging policy frameworks offering economic incentives to farms
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committed to reducing their environmental footprint, it is noteworthy that these are only partially
sufficient to offset the costs associated with this transition (European Commission, 2020a; Diaz
Vicuna, Adams, et al., 2025).

1.1.3 Strategies for higher sustainability of the livestock industry

To make meat and livestock production more sustainable, a combination of technological, managerial,
and policy-driven innovations is required.

At the farm level, improvements in animal genetics, health management, and housing conditions have
demonstrated significant potential to reduce resource use and emissions intensity. At the systemic
level, shortening supply chains, improving slaughter and processing efficiency, and reducing food
waste across the entire production chain represent complementary avenues currently being explored
(Yang et al., 2023; Angellotti et al., 2025; Khairi, Maharani and Aditya, 2025).

Among these strategies, however, improvements in animal feeding practices have attracted particular
attention, considering that feed production contributes to about 70% of the overall environmental
footprint of livestock systems (Parlasca and Qaim, 2022).

Corn and soybean crops, widely used for feed production, are responsible for the majority of GHG
emissions and agricultural land use associated with livestock production (De Vries and De Boer,
2010). Moreover, the use of these ingredients in livestock feed creates competition with food intended
for human consumption, as reported by numerous studies (Mottet ef al., 2017; Van Hal et al., 2019;
Ritchie, 2020). As a response, scientific literature promoting the adoption of alternative animal feeds
with a low environmental impact and that do not compete with human food supplies has grown
steadily, with special urgency for corn- and soybean-based feeds (Van Zanten et al., 2018; Ojediran,
Olofintuyi and Ojediran, 2024).

Among the most sustainable alternatives for livestock feed are microalgae, insects, and agro-
industrial by-products (Prates, 2025). Microalgae represent a promising protein source, rich in omega-
3 and omega-6 fatty acids, vitamins, and antioxidants. Their inclusion in livestock feed has been
associated with improved rumen function, disease resistance, and nutritional efficiency, while their
use in the poultry sector has been linked to improved feed efficiency (Kusmayadi et al., 2021). In
addition to their nutritional benefits, microalgae have no negative environmental impacts and are
useful for purifying wastewater by recycling elements such as nitrogen, carbon, and phosphorus, with
a CO:2 concentration mechanism is estimated to be 10 to 50 times more efficient than that of terrestrial
plants (Bature et al., 2022).

Insects are another valuable alternative protein source, with a protein content ranging from 42% to

63%, making them a potential candidate to replace soy and fishmeal in animal diets. They also play
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important ecological roles, from biological pest control to nutrient recycling, as they can be fed on
organic waste and food scraps. Their faeces and exoskeletons, rich in chitin, can be used as fertilizers.
Thus, employing insects in the feed industry could actively help reduce food waste and improve the
overall efficiency of the food chain (Hancz et al., 2024).

Finally, agro-industrial by-products, which represent a broad category. The term “by-product” refers
to any “substance or object resulting from a production process where it is not the primary objective”
(European Commission., Directive 98/58). Globally, the agri-food sector generates over 190 million
tons of agro-industrial by-products, the majority of which are currently discarded as waste (Gomez-
Garcia et al., 2021; Hadidi ef al., 2024). These materials often contain bioactive compounds, such as
antioxidants, flavonoids, fibres, and proteins, which could be exploited and used in different sectors,
including human and animal nutrition, cosmetics, and pharmacology.

Within this category, two main sub-categories can be identified: agricultural and industrial by-
products (Stratton and Rechcigl, 1998). Agricultural by-products include field residues remaining
after crop harvest (leaves, stems, pods, stalks) as well as process residues generated during crop
transformation (molasses, bagasse, peels, seeds, pulp, skins). Industrial by-products are produced by
the fruit and vegetable processing industry, and represent the largest share of the total, including pulp,
peel, seeds, pomace, pods, and stems (Sadh, Duhan and Duhan, 2018). A further source is represented
by food waste, generated predominantly at the household level (42%), followed by the food
production sector (39%), food service (14%), and distribution (5%) (Ratu et al., 2023). These by-
products, derived from the processing of fruits, vegetables, cereals, and legumes, contain nutritional
components (proteins, fibres, vitamins, and minerals) that could be utilized for animals when included
in livestock feed, while also allowing for a partial replacement of traditional raw materials such as
corn and soy (Yang ef al., 2021). Their integration into feed formulations therefore constitutes a
circular economy strategy to simultaneously reduce food waste and enhance the sustainability of
animal production systems (Malenica, Kass and Bhat, 2022).

In summary, among the solutions currently under investigation to improve the sustainability of the
livestock sector, the identification of alternative and more sustainable feed ingredients represents one
of the most promising avenues. Nonetheless, the evaluation of a potential new feed ingredient from
a scientific perspective requires a multidisciplinary approach, in line with the Farm to Fork strategy.
Key aspects to be considered include its availability and seasonality, effects on live animal health and
welfare, impact on the quality of derived products, and consumer perception of both the ingredient
itself and the sensorial and technological properties of the final product (Luciano ef al., 2020). These

steps will be investigated in the following chapters of this thesis.
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1.2 Experimental path for a new raw feed material

Assessing the feasibility of a new product as an alternative feed ingredient requires a multistep
approach.

The present chapter provides an overview of the main evaluation steps to be considered in an
academic and scientific context, with specific reference to beef cattle, the target species of this thesis.
These include an analysis of consumer perception, which offers a preliminary indication of market
receptiveness; in vivo observations, aimed at monitoring the effects of dietary inclusion on animal
health, welfare, and productive performance; and postmortem and sensory evaluations, providing
direct evidence on the qualitative, technological and sensorial properties of the derived products.
1.2.1 Market analysis

Consumer perception represents a critical factor in determining the practical feasibility of
incorporating agro-industrial by-products into animal feed, as market acceptance ultimately
determines the viability of any innovation, not only in the livestock sector, but in the food supply
chain in general (Costell, Tarrega and Bayarri, 2010). In this regard, two main dimensions can be
identified: general attitudes toward sustainable food production, and specific responses to products
derived from circular economy feeding strategies (Ornelas Herrera et al., 2025).

In general, consumer awareness of the environmental impact of meat production remains limited,
with estimates ranging from 23% to 35% across different countries and demographic groups (Hornsey
et al., 2016; Hartmann and Siegrist, 2017). Younger and more educated consumers tend to
demonstrate greater environmental consciousness and a higher inclination toward sustainable food
choices (Cattaneo et al., 2019; Lassen, Christensen and Trolle, 2020). Notable differences also
emerge at the national level, with Italian consumers showing greater interest in sustainability
certifications than other European countries, Chinese consumers exhibiting high levels of interest
alongside to high rates of meat consumption, and Danish consumers displaying a declining trend in
both meat consumption and sustainability-related purchasing behaviour (Mota-Gutierrez et al., 2024).
Despite this variability, evidence suggests that transparent communication of environmental and
nutritional benefits can substantially improve consumer willingness to engage with novel products.
When informed about the potential of a product to reduce food waste and support sustainable
production, consumers generally express greater openness to trying it (Mota-Gutierrez et al., 2025).
This is particularly relevant in the context of circular economy feeding strategies, where agro-
industrial by-products are reintegrated into the food chain through animal nutrition. In this context,
the term "circular economy" refers to a model of production and consumption aimed at recovering

food by-products and minimising negative environmental impacts, and its application to animal
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feeding has been identified as a promising strategy to reduce both food waste and the environmental
burden of livestock production (Galanakis, 2012; Rovers, Christoph-Schulz and Briimmer, 2019).
Consumer acceptance of meat from animals fed with by-products is shaped by a combination of
individual, contextual, and product-related factors (Aschemann-Witzel and Stangherlin, 2021).

At the individual level, environmentally conscious consumers tend to be more receptive and willing
to pay a premium price (Coderoni and Perito, 2020). On the other hand, products obtained from a
supply chain involving re-use of waste are often perceived as of lower quality or potentially harmful
(Abbey et al., 2015). Furthermore, consumer knowledge of livestock feeding practices is generally
poor, with widespread misconceptions regarding the use of growth promoters, antibiotics, and
hormones (Bearth, Cousin and Siegrist, 2014; Hoffmann et al., 2024). These elements can contribute
to increasing levels of food neophobia and food technophobia, negative reactions to unfamiliar foods
and new food technologies, respectively (Coderoni and Perito, 2020).

Contextual factors primarily relate to the environment in which the product is perceived or chosen
by consumers, and include aspects such as comparison with other products, communication of
environmental benefits, and sustainability. Generally, products obtained from food waste are not
perceived more positively than conventional ones (Bhatt et al., 2018). To increase their acceptance,
it is necessary to emphasize environmental benefits through tailored communication strategies,
including sustainability certifications and effective labelling (Aschemann-Witzel and Stangherlin,
2021).

Product-related factors refer to the intrinsic characteristics of the final product which, by definition,
are very product-specific. Since the present thesis focuses on the evaluation of an alternative feed
ingredient in bulls' diets, the following overview is primarily centred on beef. Beef quality perception
integrates both intrinsic attributes such as colour, tenderness, fat content, and nutritional value, and
extrinsic ones, including price, certifications, and production system (Henchion, McCarthy and
Resconi, 2017a; Rajic et al., 2022). Among intrinsic factors, sensory quality and colour are
consistently reported as the most influential at the point of purchase, while fat content elicits
contrasting responses depending on consumer segment (Henchion, McCarthy and Resconi, 2017a).
Extrinsic attributes such as price and certification logos are also important determinants, particularly
among price-sensitive consumers, given that beef is generally more expensive than other protein
sources (Hocquette et al., 2018). Purchasing frequency is furthermore significantly influenced by
health beliefs: consumers who perceive beef as beneficial to health tend to consume it regularly, while
those who associate it with health risks report occasional consumption (Gutkowska et al., 2018).

More broadly, beef consumers are increasingly attentive to animal welfare, feeding practices, and
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environmental impact alongside traditional sensory and safety concerns (Alonso, Gonzalez-Montafia
and Lomillos, 2020).

In this evolving landscape, demonstrating that the adoption of alternative feeding strategies does not
compromise product quality represents a prerequisite for their market acceptance. At the same time,
actively communicating the sustainability credentials of these innovations to a progressively more
informed and demanding consumer base will be equally essential for their long-term viability
(Hocquette et al., 2018).

The following sections will address the remaining evaluation steps, focusing on in vivo observations
and postmortem and sensorial assessment of the derived products.

1.2.2 In vivo observations

In vivo trials represent the most comprehensive and reliable approach for evaluating the effects of a
novel feed ingredient in on the live animals, as they capture the full complexity of physiological
responses that cannot be replicated by in vifro methods alone (Salami ef al., 2016). Specifically, the
latter offers valuable and cost-effective preliminary insights into digestibility and rumen fermentation
kinetics, while the former allow to directly assess the actual response of the animal to a dietary
treatment.

In the context of alternative feed ingredient evaluation, in vivo trials typically assess a broad range of
parameters related to the animals’ productivity, health and welfare, as well as to the product’s
digestibility, but also storage stability and practical applicability under real-world farming conditions.
Productive performance parameters include average daily gain, dry matter intake, and feed
conversion ratio, and directly reflect the animal's ability to utilise the new ingredient without
compromising growth efficiency. Digestibility assessments are often conducted through faecal
collection or marker-based analysis (Owens and Hanson, 1992; Di Lorenzo, 2016), and provide
quantitative estimates of nutrient utilisation, with particular attention to dry matter, organic matter,
crude protein, and fibre fractions. Haematological and serum biochemical analyses are routinely
included to monitor animal health status and detect potential adverse metabolic responses to dietary
changes (Onasanya et al., 2015).

For ruminants, and beef cattle in particular, additional parameters related to rumen fermentation are
commonly investigated. These procedures may include rumen fluid sampling, measurement of pH,
ammonia nitrogen concentration, and volatile fatty acid profiles, which collectively reflect the degree
to which the ingredient modulates the rumen environment (Dijkstra et al., 2020). Ruminal microbiota
composition, increasingly assessed through metagenomic approaches, provides further insight into

potential shifts in microbial ecology associated with dietary inclusion of novel ingredients. Methane
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emissions, measured through respiration chambers or SFs tracer techniques, are of particular
relevance given the contribution of enteric fermentation to the overall GHG footprint of ruminant
production. Finally, fatty acid biohydrogenation, the rumen microbial process by which unsaturated
fatty acids are converted to saturated forms, warrants specific attention when ingredients with a
notable lipid fraction or bioactive phenolic compounds are under evaluation, as it directly influences
the fatty acid profile of the derived products (Ding et al., 2017; Sun et al., 2022).

In terms of length, trials can last from a few weeks to several months; long-term feeding trials provide
an additional layer of safety assessment, verifying the absence of the accumulation of undesirable
compounds and confirming that no adverse effects on reproductive performance or immune function
emerge over extended periods of dietary exposure (Food and Chemical Toxicology, 2008).

The main limitations of these types of studies involve higher costs, longer timeframes, and the
requirement for a larger number of animals; nonetheless, these are generally accepted as necessary to
obtain biologically meaningful data (Saeidnia, Manayi and Abdollahi, 2015).

1.2.3 Postmortem and sensorial evaluation

Assessments of at slaughter performance, together with the quality and sensory profile of the derived
products represent the final and most direct step in assessing the suitability of a novel feed ingredient,
as they provide objective evidence of whether dietary changes translate into measurable differences
in product quality.

In the context of alternative feed ingredient evaluation, postmortem analyses typically include carcass
performance parameters including yield and dressing percentage, alongside a broad range of meat
quality traits, such as intramuscular fat content, pH evolution, colour stability, water holding capacity,
fatty acid profile, oxidative stability, texture evaluations, and microbial quality (Lebret and Candek-
Potokar, 2022).

Pinotti et al. (2023) reports that agro-industrial by-products in livestock feed can also act as potential
modulators of meat quality, although the nature and intensity of these effects are largely dependent
on the compositional characteristics of the by-product under evaluation. Ingredients with a notable
lipid fraction or bioactive phenolic compounds are of particular interest, as they can influence fatty
acid biohydrogenation in the rumen and, consequently, the fatty acid profile of the derived products.
In this regard, Vasta and Luciano (2011) reported that the integration of agro-industrial by-products
containing residual oil and phytochemicals in beef cattle diets could inhibit ruminal biodegradation
and improve the endogenous synthesis of beneficial fatty acids in muscle tissues, resulting in
increased levels of polyunsaturated and conjugated linoleic acids alongside a reduction in saturated

fatty acids. The antioxidant properties of phytochemicals present in these by-products can further
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inhibit the oxidative deterioration of colour and flavour, with positive implications for product shelf-
life (Vasta and Luciano, 2011; Salami et al., 2016). Ingredients containing tannins are also of specific
relevance, as these compounds have been shown to inhibit the ruminal conversion of proteins into
volatile skatole and indole, thereby improving the overall flavour profile of beef (Tavendale et al.,
2005).

Evidence from the literature further illustrates the variability of outcomes depending on the by-
product and species under investigation. In pigs, the integration of fruit pomace into finishing diets
has been shown to modify the fatty acid composition of pork (Fang et al., 2016). In lambs, grape
pomace silage used to replace corn silage resulted in reduced shear force values, an effect attributed
to the ability of grape pomace to reduce profibrogenic cytokines responsible for collagen synthesis,
ultimately improving meat tenderness (Seymour et al., 2010; Zhao et al., 2018). Dietary
supplementation with dried tomato pomace in lambs resulted in increased polyunsaturated fatty acid
content, correlated with higher PUFA intake from the by-product itself (Valenti et al., 2018). In a
study more directly relevant to the present thesis, Musati et al. (2024) examined the effect of extruded
flaxseeds and hazelnut skin inclusion on fatty acid metabolism in fattening lambs, reporting an
increase in intramuscular fat with a more favourable health-promoting fatty acid composition.
Regarding beef specifically, Chiofalo e al. (2020) tested olive cake inclusion at 7.5% and 15% of
diet dry matter in growing-finishing young bulls, demonstrating improvements in slaughter
characteristics, intramuscular fat content, tenderness, and cooking loss, while colour parameters
remained above consumer acceptance thresholds despite a tendency toward increased discolouration
at higher inclusion levels.

Sensory evaluation constitutes an essential complement to instrumental postmortem analysis, as
consumer perception of meat quality integrates multiple attributes that objective measurements alone
cannot fully capture. The key sensory characteristics of beef include appearance, texture and
tenderness, juiciness, aroma, and flavour (Resurreccion, 2004). Appearance represents the first
attribute perceived at the point of purchase. Tenderness is defined as the force required to cause
deformation when the sample is compressed between molars or between the tongue and palate. It is
consistently reported as the most influential sensory attribute for consumer acceptance, and is affected
by breed, age, diet, and intramuscular fat content (Maltin et al., 2003). Juiciness relates to the meat's
water retention capacity and is influenced by pre- and post-slaughter treatments, myofibrillar protein
content, pH, and rigor mortis. Aroma and flavour are determined by a complex mixture of volatile
compounds, including aldehydes, ketones, esters, and phenolic compounds, whose composition is

shaped by breed, diet, rearing conditions, and post-slaughter processes (Khan, Jo and Tariq, 2015).

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato . Ministero . .
dall'Unione europea 2% dell'Universita Italiadomani

PIANO N,

NextGenerationEU * e della Ricerca B PREaA CRESItIENZA

Sensory tests can be conducted with trained panellists or untrained consumers, and can be classified
into objective or analytical tests, and subjective test or affective tests (Sharif et al., 2017; Ruiz-
Capillas and Herrero, 2021). Analytical tests are performed by expert panels and include
discrimination tests such as triangle, duo-trio, and paired comparison tests. They are aimed at
detecting perceptible differences between samples (discrimination tests), or at rating the intensity of
specific attributes using structured scales (descriptive tests) (Lawless and Heymann, 2010; Cox,
2013). Affective tests, conducted by untrained consumers, are primarily aimed at detecting product
preference or choice (willingness to pay) and the level of acceptability (hedonic evaluation). Hedonic
tests quantify liking through numerical scales typically ranging from 1 ("dislike very much") to 9
("like very much"), and require a minimum of 60 to 100 participants to yield representative results
(Lim, 2011; Ruiz-Capillas et al., 2021). Standard testing conditions include controlled lighting, a
temperature of 20-22°C, individual booths to prevent interaction between participants, and mouth-
rinsing opportunities between samples. Tests are preferably conducted between 10:30—11:00 or
15:30-16:00 to avoid interference from hunger or satiety (Nute, 2002).

In the literature, consumer tests conducted on meat from animals fed alternative feed ingredients have
generally yielded encouraging results. Miraglia ef al. (2018) reported that consumers awarded higher
scores for appearance, texture, taste, and overall liking to salami derived from pigs supplemented
with Origanum vulgare extract, particularly when provided with information about the dietary
treatment. Similarly, Nieto et al. (2010) found that lamb meat from animals fed distilled rosemary
leaves received higher consumer ratings for colour compared to conventionally fed controls,
supporting the potential of plant-derived by-products as alternatives to synthetic additives. Since the
consumer represents the ultimate evaluator of a product's quality, sensory analyses constitute
indispensable tools for validating the outcomes of dietary interventions and supporting the market
introduction of novel feed ingredients (Guerrero et al., 2013). In this regard, the sensory evaluation
of beef derived from cattle fed hazelnut skin remains unexplored, representing a gap that the present

thesis aims to contribute to addressing.
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1.3 Hazelnut skins as alternative feed material

1.3.1 Product definition and main characteristics

Hazelnut (Corylus avellana L.) belongs to the genus Corylus and the Betulaceae tamily, and is widely
distributed across temperate regions, particularly along the Black Sea coast in Turkey, throughout
Southern Europe, including Italy, Spain, Portugal, and France, and in selected areas of the United
States.

The world's largest producers are Turkey, with a harvesting area of approximately 728,000 hectares
accounting for around 58% of global production, and Italy, which contributes approximately 15% of
the total (Renna et al., 2020).

The hazelnut fruit is composed of three main fractions: the shell, accounting for approximately 52.5%
of total weight; the skin, corresponding to the perisperm and constituting around 2.5%; and the seed,
representing 45% of the total weight and the primary component of interest for the food industry
(Renna et al., 2020). From a nutritional standpoint, hazelnuts are rich in monounsaturated fatty acids,
proteins, vitamins, and amino acids. Their oil fraction represents 66—72% of total fruit weight and is
predominantly composed of unsaturated fatty acids such as oleic, linoleic, and linolenic acids, which
account for approximately 92% of total fat content (Cittadini et al., 2020). Hazelnuts also contain
eight essential amino acids and a range of bioactive compounds, including phenolic acids, flavonoids,
and tannins, all of which possess antioxidant properties (Krol et al., 2020). It should be noted that
hazelnuts are among the most common allergenic foods; however, specific technological treatments,
including high-temperature processing and roasting, have been shown to inactivate the relevant
allergens (Kruk et al., 2024).

Hazelnut skins (HS) correspond to the brown perisperm surrounding the seed and that naturally
detaches from it during roasting, a process routinely applied in the confectionery industry. In Italy
alone, approximately 3,000 tons of roasted HS are generated and discarded as waste annually,
representing both an economic and an ecological challenge (D’Ambra, Minelli and Lo Fiego, 2023).
The processing of hazelnuts also generates other by-products, including leaves, green coverings, and
shells; of these, only the shells currently hold commercial value, primarily as a fuel source for
industrial boilers (Allegrini et al., 2022). HS, by contrast, are characterised by low moisture content,
which facilitates transport and storage, but are currently classified as waste due to their unsuitability
for direct human consumption, largely attributable to their high tannin content, which imparts a

pronounced astringent flavour (Alasalvar, Pelvan and Amarowicz, 2010).
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1.3.2 Nutritional profile

Hazelnut skins are characterised by a distinctive nutritional composition, with dietary fibre
representing the predominant fraction at approximately 67.7% of dry matter, of which 57.7% is
insoluble fibre (Ozdemir et al., 2014). Additional macronutrients include protein (approximately 8%),
fat (14.5%), and ash (1.7%), with a moisture content of around 7.5%. The fatty acid profile reflects
that of the hazelnut kernel, with oleic, linoleic, and palmitic acids accounting for approximately 76%,
15%, and 6% of total fatty acids, respectively (Mohammed ef al., 2023).

The most distinctive and nutritionally relevant characteristic of HS, however, is their exceptionally
378 times more total phenolic compounds than raw hazelnuts, making this one of the nut-derived
products with the highest polyphenol density. Total phenolic content has been reported to range
from 489.5 to 778.4 mg GAE/g of dry extract, with a yield of 103.7 to 194.2 mg GAE/g of dry matrix
(Capaldi et al., 2025). Tocopherol levels range from 226 to 593 ng/g of skin, further contributing to
the overall antioxidant potential of the product (Mohammed et al., 2023). Such profile, characterized
by high levels of fibre, phenolic compounds, and antioxidant-active tocopherols, explains the growing
scientific interest in HS as a functional feed ingredient with potential effects beyond simple nutritional
substitution.

1.3.3 Experimental studies

The bioactive fraction of HS has been the subject of increasing scientific attention, with studies
demonstrating antioxidant, anti-inflammatory, cardioprotective, hypolipidemic, and bacteriostatic
properties associated with its polyphenol content (Chang et al., 2016; Piekarska-Radzik and
Klewicka, 2021). Applications in the food industry have also been explored: the addition of 2.5%
roasted HS to pork burgers was shown to improve colour and sensory characteristics, although tannin-
related bitterness negatively affected taste and tenderness scores (D’ Ambra, Minelli and Lo Fiego,
2023). HS have furthermore been tested in baked goods as a source of fibre, phenols, and
monounsaturated fatty acids; additionally, an oil extract from the cuticle has resulted to be
characterised by high antioxidant activity and oxidative stability, and has shown potential for both
food and cosmetic applications (Ollani, Peano and Sottile, 2024).

Regarding their inclusion in livestock feed, HS have been investigated across several species. In dairy
cattle, dietary HS supplementation was associated with a reduction in saturated fatty acids and an
increase in monounsaturated fatty acids in milk, alongside higher tocopherol content compared to
control animals (Renna ef al., 2020). In lambs, HS inclusion has been linked to a range of favourable
outcomes: meat from treated animals was found to be redder and brighter, with a higher myofibrillar

fragmentation index (Della Malva et al., 2023); lipid oxidation was delayed, attributed to increased
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alpha-tocopherol deposition in muscle tissue (Menci et al., 2023a). Finally, rumen microbiota
composition showed presented a shift toward bacterial taxa positively correlated with vaccenic acid
concentration, a fatty acid associated with health benefits, while taxa linked to C18:1 t10, commonly
associated with detrimental effects on both human health and animal performance, were less abundant
al._(2024) reported an increase in intramuscular fat with a more favourable health-promoting fatty
acid profile.

In beef cattle, the available literature remains comparatively limited, representing the primary gap
addressed by the present thesis. The existing evidence nonetheless supports the biological plausibility
of dietary effects, given the compositional characteristics of HS, particularly in terms of fibre fraction,
phenolic content, and antioxidant capacity, both in vivo and postmortem. From a circular economy
perspective, the valorisation of HS as a feed ingredient represents a concrete opportunity to reduce
industrial waste while simultaneously investigating its potential to improve the sustainability and

quality of beef production.
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1.4 Aim of the study

The present thesis aims to evaluate the feasibility of incorporating HS as an alternative feed
ingredient in beef cattle diets, adopting the multidisciplinary approach outlined in the previous
chapter. The work is structured into five interconnected parts, each addressing a key dimension of

this evaluation:
* Understanding sustainability — sustainability assessment of 106 farms across Europe

» Consumer analysis — evaluation of consumer attitudes and perceptions towards sustainable beef

production
» Experimental trial: effects of HS inclusion in beef cattle diets — in vivo assessment

» Experimental trial: effects of HS inclusion in beef cattle diets — postmortem performance and

meat quality assessment

» Sensory analysis — effects of information and tasting on consumer sensory evaluation,

perceptions, and reported willingness to pay for beef from cattle fed hazelnut skins
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Abstract

European livestock farming reflects a range of systems characterised by diverse innovations to
increase sustainability. This study aimed to highlight the relationships among different aspects of
sustainability in various types of systems. Data was retrieved from 106 farms containing different
animal species (dairy cattle, beef cattle, pigs, and poultry), using a modified version of the Excel-
based questionnaire Public Goods tool. Each farm was assigned scores for 12 spurs (indicators) of
sustainability. Based on these results, the farms were allocated into five clusters. Correlations among
the spurs were evaluated, both across all farms and cluster-wise, with contrasting results. When
analysed across all farms, several spurs from the environmental dimension were positively correlated
to each other. Further, many of the environmental spurs were negatively correlated to the spur
Profitability, which was positively correlated with the spurs Social wellbeing and Farm business
resilience. A comparison of cluster-wise correlations showed a positive correlation between
environmental spurs and the spur Profitability for large farms, but a negative correlation for small
farms. The diverging, yet complementary, correlation results from this study open the field to
sustainable pathways that are capable of connecting realities with differing production systems and

geographical areas, whilst also incorporating their unique features.

Keywords: Sustainability assessment, Public Goods tool, Environmental sustainability, Social

sustainability, Economic sustainability
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2.1 Introduction

The Food and Agriculture Organization of the United Nations (FAO) (2014) defines sustainable
development as a dynamic concept that encompasses a variety of principles belonging to three main
dimensions: environmental, economic, and social. Respecting these three dimensions is key to ensure
the sustainability of a product, sector, or supply chain (Braun and Ghosh, 2020; Paraskevopoulou et
al., 2020). At the same time, the phenomena characterising the last decades, such as the global
population’s exponential growth, climate change, and the diminishing availability of natural
resources have directly contributed to the creation of a general climate of food insecurity, particularly
affecting food products of animal origin (Foley et al., 2011; Stoddart, 2013; Garcia-Diez et al., 2021).
As a result, consumers’ preferences for such products have evolved, led by increasing awareness of
the environmental challenges linked to their production and growing concern over their contribution
to climate change (Stranieri et al., 2022; Spada et al., 2024). In response to this situation, the need to
enhance the sustainability of the food supply chain has emerged as an environmental, social and
economic priority, affecting the scientific community, producers and consumers alike (Leip et al.,
2015; Lovarelli et al., 2020; Kiran et al., 2023). These findings underline the need for industry and
institutions to align with both supply-side improvements and demand-side expectations. In the
European Union (EU), the legislative response to these events has been represented by the Farm2Fork
Strategy along with the various reforms of the Common Agricultural Policy (CAP), which focuses
on the promotion of a more sustainable livestock sector (Kiran et al., 2023).

There is a general recognition that animal farming systems continually play a pivotal role in societies
due to their numerous and diverse functions, attributable to both monogastrics and ruminants. These
range from transforming materials inedible to humans, such as grass and side streams (forage, crop
residues, and agricultural by-products which are generally unsuitable for human consumption), into
nutrient-rich food, to promoting the vitality of rural territories, especially through the provision of
economic inputs (Upton, 2004; Gerrard et al., 2012; Leroy et al., 2022). Workers within the
agricultural sector account for around 4% of the total EU employment (Eurostat, 2022) and then there
are also suppliers, service, and industry based on the primary production. Of the total output from
agricultural activities in the EU, 40% is derived from animal production (Peyraud and MacLeod,
2020) and more than 60% of the total utilised agricultural area, including arable land and pastureland,
is used as a food source for the animals (Guyomard et al., 2021). Additionally, specific environmental
and cultural benefits are linked to certain livestock production systems (Dumont et al., 2019), such
as forage and pasture-based rearing, particularly when grazing unfertilised, semi-natural grasslands

(European Environment Agency, 2020; Eriksson, 2022). The grazing process influences flora and
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fauna through a combination of mechanisms including biting and trampling, removal of biomass, and
redistribution of nutrients. Grazing also affects temperature and light levels in the vegetation cover
and at the soil surface. Together, these mechanisms lead to grazing-tolerant, low-growing, and short-
lived species of vascular plants becoming more common compared to unmanaged or fertilised land
(Pykéla, 2005). These systems also enhance water and soil quality, maintain local cultural values and,
ultimately, the landscape’s own identity (Bele et al., 2018; Guyomard et al., 2021).

However, it is imperative to address livestock’s less favourable impacts, especially from the most
intensive systems. The sector contributes to the pollution and exploitation of natural resources, often
at the expense of humans (e.g., via feed and food competition) (Muscat et al., 2020). Indeed, EU
animal farming is responsible for up to 80% of the agricultural sector’s environmental footprint
through its negative effects on water and air quality, biodiversity, and soil acidification (Reidsma et
al., 2006; Leip et al., 2015; Lovarelli et al., 2019; Zucali et al., 2020; Lai and Kumar, 2020; Post et
al., 2020; Yan et al., 2024). To mitigate the environmental downsides of the animal-derived foods’
supply chains, various strategies have been proposed. Although approaches differ depending on
species and production systems, major efforts are focused on improving productive and reproductive
efficiency, parallel to a more efficient use of available resources (Leinonen and Kyriazakis, 2016;
Veltman et al., 2021; Caccialanza et al., 2023; Shurson and Kerr, 2023).

Furthermore, in recent years, the European livestock sector has undergone a process of re-evaluation,
shifting from being primarily viewed as a major contributor to environmental degradation to being
recognised as a potential driver of a sustainable circular bioeconomy. This change in perspective has
been reinforced by the emergence of numerous innovative farms offering viable approaches for a
more sustainable and competitive future (Reg. EU 2021/2115). In parallel to this, attention is growing
towards the variety of public goods that these systems produce in addition to food, such as
contributing to the vitality of rural territories, enriching the agricultural landscape, and promoting
biodiversity (Nigmann et al., 2018).

Understanding the range of benefits and drawbacks related to these systems and their innovations
from a sustainability perspective is crucial for the development of further policies and practices which
are suitable for the diverse European landscape.

At present, studies assessing on-farm sustainability are typically focused on a specific animal species
or perform the evaluation from a single perspective only, most often the environmental one, with less
attention to economic and social aspects (Arvidsson et al., 2020, 2021; Gunnarsson et al., 2020a,
2020b; Zira et al., 2021; Pahmeyer and Britz, 2022; Di Vita et al., 2024; Kheiralipour et al., 2024).

Moving beyond isolated assessments and toward a more integrated understanding, capable to consider
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multiple farms differing in terms of geographical location, animal category, and production systems
would facilitate the identification of interconnections among different dimensions of sustainability,
while also enabling meaningful comparisons across varied farm types. The employment of a multi-
level framework, integrating environmental, economic, and social perspectives, is therefore essential
(Galdeano-Goémez et al., 2017; Sulewski et al., 2018). In recent years, various sustainability
assessment tools have been developed, aimed at measuring and monitoring sustainability using an
integrated approach (Binder et al., 2010; Coteur et al., 2020). One of these evaluation protocols is the
Public Goods (PG) tool (Marta-Costa and Silva, 2013).

In the present study, the PG tool assessment was applied for the first time to a range of innovative
livestock farming systems in Europe, to provide an analysis of the underlying relations among
different sustainability aspects, and to answer the following research question: “How do the
environmental, economic, and social pillars of sustainability interact across innovative European

livestock farming systems, and are these patterns consistent across them?”.
2.2 Materials and methods

2.2.1 Public Goods (PG) tool

The PG tool is a Microsoft Excel-based form that was initially developed by Gerrard et al. (2012) to
analyse the contribution of public goods from organic dairy farms in England. It is characterised by
a vast coverage of sustainability criteria, and a highly versatile protocol, easily adaptable to best suit
a specific study design (Marchand et al., 2014). These technical reasons, together with the presence
of team members with extensive expertise in the tool, guided its selection and facilitated its adaptation
to the needs of the present study.

The adaptation of the original protocol was driven by three necessities. Firstly, it was necessary to
shift the aim of the data collection to a more sustainability-focused study rather than the delivery of
public goods. Each farm’s sustainability evaluation had to be conducted through the analysis of its
environmental, economic, and social dimensions, in accordance with the FAO (2014) definition of a
“sustainable food value chain”. Secondly, the version used in this study required a collection of
comparable data from a broader and more diverse sample in terms of animal species and country-
specific characteristics aside from just organic dairy farms. Thirdly, to enable the use of literature
from the last decade underpinning the assessment. Adaptation of the tool and education on its
functions were conducted in an interactive process with the persons who were to be responsible for
the data collection. Experts in different areas were contacted with directed questions. Most
modifications concerned economic data, social issues, and agri-environmental management, and

these are reported in Table S1 (Supplementary material).
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Prior to the sustainability analysis, production and structural data (farm’s dimensions, presence and
dimensions of crops, stocking rate) were collected. Importantly, stocking rate was considered at the
farm level (LU/ha), hence referring to the total number of animals, expressed in livestock units (LU),
per hectare of utilized agricultural area (UAA) of the entire farm.
An evaluation of environmental, economic, and social sustainability was performed using a total of
12 spurs (indicators):

e Environmental sustainability: Agri-environmental management, Landscape and heritage, Soil

management, Water management, Manure and fertiliser, NPK budget and Energy and carbon.
e Economic sustainability: Profitability, Farm business resilience, System security and
diversity.

e Social sustainability: Animal welfare and Social well-being.
Each spur contained three to six activities (for a total number of 52) which, in turn, were composed
of three to six questions. Each question was assigned a score ranging from 1 (poor sustainability) to
5 (excellent sustainability) based on the answers provided by the respondent. There were questions
with quantitative answers retrieved from farm recordings and questions with semi-quantitative and
qualitative answers designed as multiple-choice questions with a list of options. For questions
identified as ambiguous, an explanatory box was added. Additionally, to ensure comparability across
the data collected from such diverse farm types (dairy, beef, pork, and poultry) the PG tool was
adapted to account for species-specific management practices. This included the incorporation of a
“not applicable” (n/a) option for questions not relevant to certain livestock types (e.g., milking
routines for monogastrics), thereby avoiding artificial score inflation or deflation. The core structure
of the tool remained consistent across farms, enabling a common sustainability assessment framework
while accommodating key structural differences. These adaptations can be found in the PG tool file
uploaded in the data repository (https://doi.org/10.5281/zenodo.17709094) and were implemented in
collaboration with field experts during the tool refinement phase. The arithmetical mean of the scores
for the questions within an activity composed the score for that activity, rounded off to the nearest
integer. Thus, an activity consisting of several questions was not weighted more heavily than one
requiring only one question. In turn, the arithmetic mean of the scores for the activities within a spur
composed the summarised score for that specific spur.
All the evaluated parameters (questions, activities, and spurs) were organised in an Excel file
workbook, used to conduct the interviews, and structured with a sheet per spur each with its related

questions and activities. Scoring methodologies for each spur and references for the scoring are
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reported in Table S1 (Supplementary material) and a description of the spurs’ reliance on quantitative
data is reported in Table S2 (Supplementary material).

2.2.2 Farms and data collection

The data collection process involved interviews with farmers belonging to a total of 106 farms and
divided into 13 groups, each organised around a theme of innovation in practice and located in nine
different European countries. Each group was identified as a Practice Hub (PH).

The PHs were selected to cover the four types of innovation defined by the Organisation for Economic
Cooperation and Development (OECD): Product, Processing, Marketing, and Organisation (Gault,
2018), applied in the context of animal farming. The study sample was therefore characterised by a
broad range of existing innovations on production, marketing, and organisation levels, intensive to
extensive systems, and mainstream to niche products. Furthermore, the PHs contained different
animal species, including farm operations with dairy cattle, beef cattle, pigs, and poultry for meat and
eggs (Table 1; List S3, Supplementary material). The number of farms per PH varied due to the
availability of farms and heterogeneity within each PH.

To apply the PG tool evaluation, an interview was carried out with one or two representatives of each
farm (i.e., owners, farm managers). Interviews were conducted by one or two trained researchers.
Each interview lasted four to eight hours and was conducted either in person or remotely during the
period December 2022 to May 2023. All subjects involved provided written informed consent and

were assured of confidentiality and anonymity.
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Table 1. Description of Practice Hubs (PHs) with innovative European livestock farms where

sustainability data was collected, country of residence, breed of main livestock species, description

of innovation, and number of farms surveyed. PH 7 did not complete the data collection and was

therefore not included.

PH
NO COUNTRY | SPECIES INNOVATION FARMS
1 Germany Dairy 100% pasture-fed cow-calf dairy systems 10
2 France Dairy | Management for maximisation of C sequestration in pasture 5
Dairy with agroforestry aiming for self-sufficiency in
3 Romania Dairy ) 10
protein-based feed
) More-from-less dairy systems utilising on-farm advice and
4 Sweden Dairy o 7
carbon footprinting tool
5 France Pig Conventional production utilising manure for biogas 5
_ Organic farmers utilising “green-protein” from grass/clover
6 Denmark Pig ) ) 3
working with feed company and refinery
Conventional pig production with innovative flooring (solid
8 Netherlands Pig floor with a layer of material for rooting for all ages) and a 4
focus on biodiversity
United 100% pasture-fed beef systems utilising mob grazing, herbal
nite
9 ) Beef | leys, and mobile slaughterhouses and Community Supported 19
Kingdom )
Agriculture
New breeding methodology for “mountain pasture” with
10 Italy Beef ) ] 6
own certification/label development
Quality assured (IP SIGILL) production system for beef and
11 Sweden Beef sheep on HNV semi-natural pastures together with label 10
development
12 Poland Poultry | Agri-tech innovation for improved welfare 11
Farmer co-operative producing and sharing of compost from
13 France Poultry 13
plant-based litter
Closed-loop egg production feeding food processing waste
14 | Netherlands | Poultry 'p =P s P s 3
and recycling manure
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2.2.3 Statistical analysis

All analyses were performed using R Statistical Software (v4.3.0; R Core Team 2023).

To classify the diverse range of farms into homogeneous groups based on the spurs’ results, a heatmap
cluster analysis of the farms was performed on scaled data using the “ComplexHeatmap” package
(Gu, 2022; Gu et al., 2016), which applies hierarchical clustering by default, using complete linkage
and Euclidean distance. This method was preferred over alternative approaches, such as k-means, as
it does not require pre-specifying the number of clusters and can better accommodate unbalanced
group sizes, which aligns with the heterogeneous nature of the dataset (e.g., different species,
innovation types, and geographical contexts) (Wani, 2024). Given the exploratory aim of classifying
farms based on a novel scoring system (the “spurs”), hierarchical clustering allowed for the
assessment and visualisation of the nested similarity structure among farms without imposing
assumptions on cluster shape or count, while also providing an intuitive representation of
relationships via the heatmap. Subsequently, Kruskal-Wallis’s analysis and post hoc analysis
including Benjamini-Hochberg’s correction were performed using the “agricolae” package (de
Mendiburu, 2023) to determine whether differences in spur scores between the identified clusters
were statistically significant. Results were plotted using the “ggplot2” package (Wickham, 2016).
Within each cluster and across all farms together, a correlation analysis using Spearman’s rcorr
function from the “Hmisc” package (Harrell and Dupont, 2024) was performed to measure both the
strength and direction of association between the spurs, following confirmation that all variable pairs
met the monotonicity assumption. Correlations found to be statistically significant (p-value<0.05)
were further investigated by identifying the questions leading the correlation based on the relative
weight of each question in the spur. Additionally, the interquartile range (IQR) and median of the

scores of each question were calculated.
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2.3 Results
2.3.1 Descriptive data

Figure 1 illustrates the average, median, and range of values for each spur across all farms.

Considering the average, Profitability was reported with the lowest scores, whereas Soil Management

presented the highest ones.

Min Max

Mean = Median

System Security & Diversity
5.00

Farm Business Resilience Agri-environmental Management
4.00

Profitability Landscape & Heritage

Social Wellbeing Soil Management

Animal Welfare Water Management

Energy & Carbon Manure & Fertilisers

NPK Budget

Figure 1. Average, median, and range (min & max) for each of the 12 sustainability spurs analysed
with the Public Goods tool (1 is poor sustainability, 5 is excellent sustainability) for 106 European

innovative livestock farms.
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The heatmap analysis allowed for the identification of five distinct clusters (Figure 2), described in

both Table 2 and Table S4 (Supplementary Material).
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Figure 2. Heatmap of standardised values (spur mean is 0, variance is 1) of the different spur scores;
each column identifies a single spur, each row identifies a single farm, and each cell represents a
specific farm’s spur score. The colour intensity of the cells across a column reflects the distance from
the mean of the spur, where light colour is short distance and dark colour is long distance. Grey

identifies n/a.

Cluster 1 was a mixed cluster with both monogastric and ruminant farms, with a majority of
monogastric (69%), medium size farms, and medium stocking rate expressed as livestock units per
farm hectare (LU/ha). This cluster represented all four animal types and seven countries and displayed
the highest Profitability score among all clusters. Conversely, the majority of the Environmental spurs

reported lower than average scores, with the exception of the Manure management which, together

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

PIANO N,

NextGenerationEU e della Ricerca B PREaA CRESItIENZA

with Animal welfare, Social wellbeing, and Farm business resilience, presented higher than average
scores.

Cluster 2 was an exclusively monogastric cluster characterised by small farm size and very high
stocking rate, with the French broiler farms from PH13 comprising 57% of the cluster. It reached the
lowest scores in seven spurs (Agri-environmental management, Landscape and Heritage, Water
management, NPK budget, Energy and carbon, Animal welfare, and System security and diversity),
but higher than average scores for Profitability and Soil management.

Cluster 3 was a solely ruminant cluster, predominantly consisting of dairy farms, characterised by
small farm size and very low stocking rate. The cluster was dominated by the Romanian dairy farms
from PH3, which represented 60% of the farms in the cluster. Lowest scores were reached for six
spurs (Soil, Water and Manure management, Social Wellbeing, Profitability, and Farm business
resilience), but presented higher than average performances for Agri-environmental management,
Landscape and heritage, NPK budget, and Energy and carbon.

Cluster 4 was a ruminant-dominated cluster, with a minor share of poultry farms. It was characterised
by an average large farm size and low stocking rate and was represented by farms from seven
countries. This cluster reached higher scores than the other clusters for eight spurs, Agri-
environmental management, Landscape and heritage, Water management, Manure and fertiliser, NPK
budget, Animal welfare, Social wellbeing, and Farm business resilience, and a higher than average
score for all spurs.

Lastly, cluster 5 was a ruminant-dominated cluster with a minor share of poultry farms, characterised
by medium farm size and low stocking rate. British (PH10) and Swedish (PH11) beef farms and
German dairy farms (PH1) comprised the largest share. Highest scores were reached for three spurs
(Soil management, Energy and carbon, and System security and diversity) and higher than average
scores were obtained for Agri-environmental management, Landscape and heritage, Water
management, Manure and fertiliser, NPK budget, Animal welfare, and Social wellbeing. Lower than

average scores were observed for the two remaining spurs, Profitability and Farm business resilience.
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Table 2. Characteristics of the five clusters composed of European innovative livestock farms, where
allocation was based on the sustainability scores of the farms. Farm size indicates the utilised

agricultural area, ha is hectare, and a livestock unit (LU) is standardised according to Eurostat

(2024)

Stocking rate
Livestock type (% of farms) Farm size (ha)
(LU/ha)
Cluster D D Beef Beef | Pork Pork | Poul Poul
ai ai ee, ee, or or oult oult
" Y i i Mean  Median | Mean  Median
(%) () | (0) (n) | (9 (n) (79) (n.)
1 21 4 11 2 32 6 37 7 147.5 85.0 9.2 1.3
2 - - - - 26 6 74 17 36.3 20.0 78.3 15.6
3 67 10 33 5 - - - - 49.0 24.2 0.5 0.5
4 32 7 64 14 - - 5 1 552.4 141.3 0.8 0.5
5 41 11 52 14 - - 7 2 152.8 107.0 0.8 0.5

The analysis showed significant differences in the sustainability performance between clusters
(Supplementary Material, Table S5). For example, clusters 1 and 2 had lower scores for the spurs
Agri-environmental management, Landscape and heritage, and NPK budget compared to clusters 3,
4, and 5, however, cluster 1 presented a higher score for Manure and fertiliser and cluster 2 for Soil
management.

2.3.2 Correlations

Across all investigated farms, there were 33 significant correlations among the different spurs, out of
66 theoretically possible ones (Table 3, column All; Supplementary material, Table S6). Spurs related
to environmental sustainability presented seven correlations with spurs of social sustainability, of
which six were positive correlations. Spurs related to environmental sustainability also presented
eleven correlations with spurs of economic sustainability, of which six were positive correlations.
Economic spurs presented three positive correlations with the social ones.

Out of the 33 spur-spur correlations reported across all farms, a total of 31 were also observed in at
least one of the five clusters (Table 3; Supplementary material, Tables S6-11). In 21 of these cases,
the clusters’ correlations were inconsistent with the same correlations across all farms, being positive
within clusters whilst negative across all farms or vice versa. Nine of them also showed inconsistency
across clusters. Inconsistency across clusters was also present in a further five correlations that lacked
a corresponding correlation across all farms (Table 3; Supplementary material, Tables S6-11). These
contradictory results between correlations across farms and within clusters were observed in 60-62%
of correlations involving environmental and social spurs, and in 44% of correlations involving

economic spurs. Among the correlations across all farms, 64% of the positive and 45% of the negative
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correlations showed inconsistencies when analysed within clusters. Moreover, 30 spur-spur
correlations were identified within one or more clusters that were not detected in the overall farm
analysis. These correlations were evenly distributed among environmental, economic, and social

spurs.
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Table 3. Graphical representation of correlations between 12 sustainability spurs of environmental
(green cells), economic (vellow cells), and social (purple cells) dimensions, based on PG tool data
across all the 106 European livestock farms studied (All) and cluster wise (1-5). For significant
correlations only, Spearman’s correlation coefficient value is reported; strength of correlation is
illustrated by * (p-value ranging between 0.05 and 0.01), ** (p-value ranging between 0.01 and
0.001), and *** (p-values lower than 0.001). Details can be found in Supplementary materials, Tables
S6-11.
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Cluster 1 presented 13 correlations (Table 3; Supplementary material, Table S7). The Profitability
spur presented the highest number of correlations (six), of which a positive correlation was shown
with Water management and with Animal welfare. Negative correlations were reported with Agri-
environmental management, Landscape and heritage, Manure and fertiliser and NPK budget.
Cluster 2 was characterised by 15 correlations (Table 3; Supplementary material, Table S8). Among
these, the Landscape and heritage spur presented the greatest number of correlations (five). There
were two positive correlations with Animal welfare and System security and diversity and three
negative correlations with Soil management, Manure and fertiliser, and NPK budget.

Cluster 3 presented a total of 36 correlations (Table 3; Supplementary material, Table S9), majority
of which involved Social wellbeing and Farm business resilience (eight correlations each). The
former presented positive correlations with all the economic spurs, hence Profitability, Farm business
resilience, and System security and diversity. Additionally, it presented positive correlations with
Agri-environmental management and NPK budget, whereas negative correlations were presented
with Soil management, Manure and fertiliser, and Energy and carbon. Farm business resilience
presented positive correlations with Profitability, Agri-environmental management, Water
management, NPK budget, and Social wellbeing, whereas negative correlations were presented with
Manure and fertiliser, Energy and carbon, and Animal welfare.

Cluster 4 had 15 correlations (Table 3; Supplementary material, Table S10), of which the Soil
management and Profitability spurs presented the highest number (five correlations each). The former
correlated negatively with Landscape and heritage, Manure and fertiliser, Animal welfare, Social
wellbeing, and Profitability. In addition to a negative correlation with Soil management and NPK
budget, Profitability correlated positively with the Landscape and heritage, Water management, and
Animal welfare spurs.

Lastly, cluster 5 presented 20 correlations (Table 3; Supplementary material, Table S11), with the
Landscape and heritage and the Farm business resilience spurs displaying the highest number of
correlations (five correlations each). The former correlated negatively with Agri-environmental
management, whilst the latter correlated positively with Manure management. Both Landscape and
heritage and Farm business resilience correlated negatively with the NPK budget and Energy and

carbon, positively with the Soil management, and positively with each other.
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2.4 Discussion

2.4.1 Key aspects of the study

In recent years, European livestock farming has embraced a growing number of innovative systems
aimed at enhancing sustainability (Reg. EU 2021/2115). However, the literature exhibits significant
gaps regarding an exploration into the complex framework of rules and factors that define the concept
of sustainability within the livestock sector (Martin et al., 2020). This highlights the need to develop
a comprehensive assessment of the multidimensional elements that define sustainability within
individual systems to accurately identify trade-offs and synergies. This study used a multidimensional
approach and investigated relationships among various measurements (spurs) of sustainability on 106
European farms gathered around 13 different innovations aimed at increasing various aspects of
sustainability. A comprehensive adaptation of the PG tool was undertaken to best reflect the varying
conditions on the study farm operations. The number of farms involved in the study, along with the
extensive data collected for each unit, facilitated the development of a large and comprehensive
dataset. Additionally, the methodology employed for this study enabled the standardisation of data
collection, allowing for comparisons between farms presenting high levels of differentiation in terms
of production, marketing, and organisation. The inclusion of farms from such diverse livestock sectors
(dairy, beef, pork, and poultry) raises important considerations regarding the comparability of
sustainability outcomes. These systems differ markedly in terms of typical farm size, production
intensity, economic margins, labour organisation, and technological adoption. Nevertheless, this
heterogeneity was a deliberate choice, as it allowed for the identification of sustainability dynamics
and correlations that transcend sectoral boundaries, as confirmed by the Heatmap clusters’ results.
The objective was not to compare sectors per se, but to explore how various sustainability aspects
interact with each other across a wide range of real-world farming contexts. However, despite the
substantial quantity of data gathered, the complexity of these systems consequently hindered the
exploration into the causal nature of the identified relationships. Hence, it could be that a high score
of a particular spur, e.g. Animal welfare, resulted in high score of another spur, e.g. Profitability, due
to healthier animals (Dawkins, 2016). However, the opposite could also be case, that a high
Profitability score provided the opportunity to implement investments improving animal welfare. A
positive relationship between two spurs could also be due to a third factor influencing both spurs. A
potential third factor could be the eagerness in embracing innovations, particularly when considering
that the studied farms were managed by persons who could most likely be defined as early adopters

(Zagata and Sutherland, 2015).
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Moreover, the probability of finding correlations among spurs may have been influenced by both the
number of underlying activities and types of questions. With few questions and few answers, extreme
values could be obtained, and some of the correlations identified were influenced by a specific
question contributing to the scoring of more than one spur. One example could be the question related
to the provision of public access to animals, which contributed to a high score for System security
and diversity for marketing reasons, but a low score for Animal welfare due to biosecurity reasons
(Table S1). Furthermore, only 23 of the 191 questions were based on concrete information based on
quantitative data, such as areas of various land types, type and number of livestock, type and amount
of energy, and economic figures from bookkeeping (Supplementary Material, Table S2 and Raw data
file). For certain questions, country and year-specific EU statistics were used as a baseline for the
scoring (Supplementary Material, Table S1). Other questions and accompanying alternative answers
were more descriptive and qualitative, and hence correlations based on these may be less objective.
For both types of questions, precision in the baseline of alternative answers and relevance and
perception of the respondent most likely impacted which correlations were found and not found in
this study.

2.4.2 Profitability and other sustainability aspects

The majority of correlations were found among the spurs Profitability and Soil management. Farms
with permanent grassland only or no land reported “non-applicable” for several questions in Soil
management, causing this spur to be based on only a few questions and resultingly extreme values
(Raw data file). Correlations with Soil management should therefore be interpreted with caution. The
same principle should be applied to the correlations with the Water management spur, as its few
questions (Table S1, Supplementary material) were often found hard to answer or not applicable (Raw
data file).

Across all farms, Profitability was negatively correlated with several spurs of the environmental
dimension: Agri-environmental management, Landscape and heritage, NPK budget, and Energy and
carbon (Table 3). These negative correlations also occurred in one to two cases when analyses were
undertaken in clusters 1, 3, and 4, wherein one negative correlation each was also found with the
environmental spurs Soil management and Manure and fertiliser (Table 3). However, in cluster 3,
Profitability was positively correlated with Agri-environmental management, Water management,
and NPK budget (Table 3).

The number of negative correlations is demonstrative of the current conflict between economic gains
and environmental sustainability that is affecting all forms of livestock production (Pulina et al.,

2021). From a legislative perspective, most operations occurring in this sector are conducted under
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the CAP and are thus intentionally structured to promote both profitability and environmental
stewardship (Reg. EU 2021/2115). Nonetheless, these results emphasise the need for future
innovative actions to be economically sustainable long-term as well. A potential example of this could
be through the implementation of the production and consumption of renewable energy, in parallel to
a major awareness of the energy consumption within the animal farming sector. These solutions
would not only aid in actively reducing the livestock sector’s carbon footprint but also provide
economic incentives through cost savings and enhanced energy efficiency (Elahi et al., 2019; Paris et
al., 2022).

The results from this study suggest that, despite the political measures taking place (Reg. EU
2021/2115), Europe continues to present a non-negligible cost for the transition towards
environmentally sustainable livestock production, for which the farmers leading the development are
not paid in full. Necessary investments and measures to obtain environmentally sustainable
agriculture were recently mapped on a national level in Sweden, where sustainable agriculture was
defined as fulfilling all related directives at both the EU and national level (LRF, 2023). The reported
investments and measures were accomplished through calculations of the operational costs for this
green transition (LRF, 2023). To the best of our knowledge, this Swedish report is the first of its kind
in Europe. The yearly cost was estimated to correspond to 25% of the turn-over rate in primary
production, but to only less than 6% of the food value at the end of the value chain, at the retailer
(LRF, 2023). Hence, obtaining sustainable food production is possible if the cost is shared among all
community citizens, either as food consumers or taxpayers.

In the present study, the low scores of Profitability were not always reflective of the farmers’
experience (see the Raw data file). Generally, low scores for profitability could be due to the estimated
amount of money per worked hour for the owner, which were compared to European statistics of
labour cost (Eurostat, 2022). As no labour cost for agricultural enterprises was available in the
statistics, the amount reported from the farms was compared to the cost in other industries.
Additionally, currency rates could have played a role for biased financial results. Despite a low
general scoring for Profitability, the ranking of the spur among the farms should be the same and the
correlations therefore not biased by the low level.

The economic dimension presented a set of exclusively positive correlations with the social one, more
specifically among the spurs Profitability, Farm business resilience, and Social wellbeing, both across
all farms and cluster-wise (Table 3). The tight connection among the three is widely documented with
numerous studies investigating the underlying causes for these relations from different perspectives

(Perrin et al., 2020; Cradock-Henry, 2021; Nicholas-Davies et al., 2021; Spiegel et al., 2021). For
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instance, in Perrin et al. (2020) the satisfaction levels of a farm’s workers were employed as a
subjective measurement to evaluate the farm’s own resilience. Spiegel et al. (2021) described how a
farmer’s perception of their own business resilience could be linked to a more (or less) optimistic
view that is dependent on the farm’s dimensions, profitability, and limited (or greater) reliance on
labour-intense farming. Moreover, farmers with a higher perceived resilience provided greater
attention towards the provision of good working conditions for their employees than those with a
lower perceived resilience. These farmer’s, on the contrary, were more concerned about factors linked
to the farm’s profitability on the short-term, such as market price fluctuations, input prices, and the
reduction of CAP direct payments.

In this set of positive correlations, the only exception was represented by cluster 2, where Profitability
and Social wellbeing were negatively correlated. This correlation could be explained by an
interference from other factors, such as the farms’ average area dimension, the smallest among all
clusters, and very high stocking rate (Table 2). The higher social scores of these farms could therefore
be the intrinsic consequence of both their innovative nature and their type of production, characterised
by strict biosecurity measures that require the constant presence of well-trained staff on the farm
(Blagojevic et al., 2011). Alternatively, this result may suggest a current gap in European and national
regulations regarding the assistance for the transition of innovative monogastric realities towards
increased sustainability, in accordance with Adams et al. (2024).

Hence, each of these factors are integral to the long-term success of sustainable livestock production
and therefore must be considered for future innovations within the field (Rivera-Huerta et al., 2019;
Magnusson et al., 2022).

2.4.3 Covariation of spurs of environmental dimension

There were six positive correlations among spurs of the environmental dimension, such as Agri-
environmental management, Energy and carbon, Landscape and heritage, System security and
diversity, NPK budget (Table 3). Contradictorily, several of these correlations were absent or even
negative when data was analysed cluster-wise (Table 3). This discrepancy between the analysis across
all farms vs. cluster-wise indicates that the factors behind the spurs covary with the production
system. This covariance is largely driven by the full range of productive systems involved, spanning
from intensive monogastric farming to extensively grazing cattle on semi-natural grasslands (Table
3).

Traditionally managed semi-natural grasslands in low-intensity livestock systems harbour an
exceptional richness of many taxa (European Environment Agency, 2020; Eriksson, 2021). The

species richness in these landscapes reflects a species pool from Pleistocene herbivore-structured
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environments, which, after the extinction of Pleistocene megafauna, was rescued by the introduction
of domestic herbivores in pre-historic agriculture (Eriksson, 2021). Innovations promoting grazing of
traditionally, extensively managed semi-natural grasslands thus promote biodiversity. In the PG tool,
management promoting biodiversity is found in the spur Agri-environmental management, mainly
driven by the activities Intensity, Habitat, Management of pastureland, and Management of other land
(Raw data file). Accordingly, cluster 4, which was dominated by farms with extensive grazing of
permanent grasslands, showed the numerically highest score for Agri-environmental management,
although it was not significantly different from clusters 3 and 5 (Table S4). Such systems often include
leys that can contribute to carbon sequestration (McAllister et al., 2020; Fraser et al., 2022; Henryson
et al., 2022), which can partially explain the positive correlation between Agri-environmental
management and Energy and carbon across all farms (Table 3; Table S4). An exception to this result
is represented by the small, extensive, and ruminant-exclusive farms from cluster 3 which, despite a
high scoring for the Agri-environmental management, presented a negative correlation among the
two spurs. The explanation can be reconducted to the fact that this cluster often had a complex
production with multiple land usage, such as grazing combined with orchards and forestry, and where
a large proportion of both input and output energy was deployed for household consumption, hence
the low scoring in the Energy spur. This outcome reflects a limitation of the PG tool adaptation, which
is designed for data collection from highly differentiated systems. Consequently, the correlations with
Energy and carbon in this specific cluster should be interpreted with caution. Extensive grazing also
promotes other values, such as the maintenance and visibility of historical remains (Bele et al., 2018;
Grove et al., 2020), resulting in a positive correlation between Agri-environmental management and
Landscape and heritage across all farms (Table 3). Permanent, unfertilised grasslands prevent run-off
and contribute to higher scores of Water management, which was the case of cluster 3, as shown in
Table 3 (Milazzo et al., 2023).

Similar to the pattern found within the environmental dimension, Social and Environmental spurs
presented six positive correlations when analysed across all farms, whilst the same correlations were
absent or opposite at cluster-level. An explanation for this could be drawn from the broad range of
productive systems that constitute the “all farm” group, characterised by extensive, semi-extensive,
and intensive systems with different levels of outdoor accessibility. In our study sample, such
elements can be attributed to not only ruminant farms, but also monogastric ones, because some of
the units selected for the study had organic production, which requires outdoor access, as well as
limited stocking densities compared to conventional systems (Akerfeldt et al., 2023). Typically,

animal farming systems with either a partial or complete outdoor access are associated with high
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levels of animal welfare and low environmental pressure due to reduced external inputs, minimal land
pressure, and reduced stocking rate compared to exclusively indoor realities (Ferreira et al., 2022;
Rivero and Lee, 2022; Monteiro et al., 2023). On the other hand, the contrasting correlations obtained
at cluster level compared to analyses of all farms can be attributed to a greater internal homogeneity
of the cluster groups. Scores’ uniformity among the farms of a single cluster, when present, can be
seen as a reflection of the presence of common factors, such as management practices and
environmental conditions, which can greatly influence the animals’ welfare from nutritional,
environmental, and health perspectives (Rivero and Lee, 2022).

The discrepancy among scores reported by all farms and at cluster level for NPK budget seems to
indicate that this parameter is less balanced in intensive farming systems. However, this may be
partially biased as the calculations did not consider the fertiliser stores at start and end of the studied
year, leading to a higher risk for under- or overestimations of the amount used per area unit in
intensive farming.

The results provide additional value to the Nature Restoration Law, which was recently introduced to
the current EU legislative framework with the aim of binding targets to restore large areas of degraded
ecosystems (Reg. EU 2024/1991). For this reason, the number of grazing livestock on grassland
habitat areas needs to dramatically increase (Hessle and Danielsson, 2024). Additionally, although
the primary goal of the Nature Restoration Law is the promotion of biodiversity, additional effects
will be an increased supply of European pasture-based meat and, according to the present study,
several other positive effects on the environment and animal welfare.

2.4.4 Small-scaled diverse vs. large, specialised farm operations

In general, agriculture is moving towards increased specialisation and size rationalisation due to
economies of size (Eurostat, 2024). The reverse, namely small-scale, multi-functional operations with
short value chains is advocated by certain individuals as the direction we should go to achieve an
environmentally sustainable animal production (Norton et al., 2022). Based on the results of this
study, there is substantial reason to question this goal. Across all farms there was a negative
correlation between the spur System security and diversity, describing multifunctionality, and the spur
Profitability. Cluster 3 harboured the farms most similar to the advocated ideal with small farm size,
diverse production on the farm, and low stocking rate (Table 2). Cluster 3 also had the lowest score
for Profitability, Social wellbeing, and numerically for Farm business resilience (Table S4; S5). It
reached relatively high scores for the environmental spurs, but the highest environmental scores were
predominantly found in cluster 4 along with a few in cluster 5, although these three clusters performed

rather similar (Table S4; S5). Cluster 4 harboured the farms with the largest agricultural area (Table
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2) combined with the second highest scores for Profitability, however it was not significantly different
from clusters 1 and 2 (Table S4). The results indicate that high environmental performance is possible
in both small and large farms with a low stocking density but combining the environmental ambitions
with an economically and socially sustainable production seems easier in larger ones. Nonetheless,
this does not imply that smaller realities should disappear from the European panorama, notably
because such farms represent active generators of knowledge and experiences useful for higher-level
policy development (Knickel et al., 2018).

In parallel to the size, another factor influencing a farm’s sustainability is the geographical distribution
of its livestock production. The farm operations with monogastrics in this study had, similar to most
European farms (Neumann et al., 2009), often been evolved from arable land and dairy farming
systems in highly fertile areas. The smaller land requirements of monogastric farming compared to
ruminants may have facilitated the transition of these systems from rural to peri-urban areas (EC Dir.
2007/43; EC Dir. 2008/120; Reg. EU 2020/464; Dupas et al., 2024). This can be confirmed by
considering two activities driving the spur Soil management, Intensity, which reflects farm animal
density, and Habitat, which identifies the types of land present on the farm (Supplementary Material
and Raw data file).

In regions with a high livestock density, new political measures are being undertaken with the
expectation to decrease the production for environmental reasons, especially in relation to nitrogen
surplus and methane emissions (Redering.dk, 2024; LNV, 2022; LNV 2023). However, there is
limited political attention towards stimulating sustainable farming systems in regions where more
livestock is needed. This is testified by the EU's habitat directive highlighting the necessity for
increased grazing in remote forest and mountain areas in e.g., Romania, Italy, and Sweden (European
Environment Agency, 2020; Seidl et al., 2022; European Environment Agency, 2024). The new
Nature Restoration Law may change the discourse.

2.4.5 Animal welfare and Profitability

In the monogastric-dominated cluster 1, which had the highest score for Profitability, a positive
correlation between Animal welfare and Profitability was found (Table 3). The result was expected,
as the innovative business model for these farms, representing seven PHs, included several
improvements for animal welfare (List 1, Supplementary material). Nonetheless, the r value of the
correlation indicated a very low strength of the correlation. A potential explanation for this could be
located in the rigorous biosecurity measures that monogastric systems are typically required to follow
to avoid infections (EFSA Journal, 2021; de Vos and Elbers, 2024). Such practices can lead to a trade-

off, where improved efficiency and animal health may come at the cost of reduced opportunity to
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perform natural behaviours that would often be favoured by an outdoor environment (Maes et al.,
2021). The Animal welfare and Profitability correlation resulted negative in the ruminant-dominated
cluster 3, which presented the lowest score for Profitability among all clusters. The correlation could
be explained by poor profitability hampering investments in, e.g., loose-housing barns instead of tied-
up systems for dairy cows, which could allow the animals to better express their natural behaviour
(Spigarelli et al., 2020). Contrary, in the beef cattle-dominated cluster 4, which had a high score for
Profitability, the correlation between Animal welfare and Profitability was positive (Table 3).

2.5 Conclusions

In conclusion, relationships among various aspects of sustainability are not consistent across
production systems. When analysed across all investigated farms, several spurs of the environmental
dimension were positively correlated to each other. The positive covariation of the spurs of
environmental dimension could be explained by differences in production systems from intensive
monogastrics to extensive ruminants for the whole dataset. However, when analysed cluster-wise in
more homogenous groups of farms, these correlations could be absent or even negative. Thus, the
range and heterogeneity of farms represent an element of major importance for the results when
investigating relationships among various aspects of sustainability in agriculture. When analysed
across all farms, many of the environmental spurs were negatively correlated to the spur Profitability.
These negative correlations illustrate how the farmers at the forefront of the green transition, such as
the ones selected for our study, are bearing an excessively large transition cost to remain economically
competitive. The positive correlations among the spurs Social wellbeing and Farm business resilience
further confirm that if the transition continues to be paid by the innovative farmers at the front, their
social wellbeing will decrease, eventually leading to some quitting their businesses. A comparison of
cluster-wise correlations of small-sized vs. large-sized farm groups with similar environmental
performances showed a positive correlation between environmental spurs and Profitability for the
large farms, in contrast to a negative correlation among the same spurs for the small farms. Such a
result indicates that, within the current legislative framework, a future livestock production
combining environmental, economic, and social sustainability would be easier to achieve with larger
rather than smaller farm operations.

Among the major implications from this study, it is possible to highlight both the common and the
diverging patterns across different production systems, indicating that certain sustainability dynamics
may extend beyond species- or sector-specific contexts. From a theoretical perspective, the research
underlines the value of integrated, indicator-based approaches to adequately capture the complexity

of sustainability in livestock farming. In terms of policy implications, the results can inform the
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development of more tailored and flexible sustainability support schemes within the CAP framework
and assist advisory services and farmers’ organisations in identifying synergies and tensions across
sustainability dimensions. Additionally, stakeholders may benefit from the employed methodological
approach, which provides a structured tool for assessing farm-level sustainability by combining
qualitative and quantitative factors.

However, the study presents several limitations. Firstly, despite a relatively large and geographically
diverse sample, the size remains limited, especially when subdivided by species or production system.
Secondly, the cross-sectional nature of the data restricts causal inference and the ability to detect
temporal changes. Thirdly, applying a single analytical framework to fundamentally different
livestock sectors can pose interpretative challenges, even with standardisation efforts in place. For
instance, employing LSU/ha to describe farm-level stocking intensity may result in seemingly
disproportionate values for monogastrics compared with ruminants; however, this stems from the
need to adopt a common unit across all systems and should not be interpreted as an absolute measure
of animal density, as both LSU and UAA are derived and indirect metrics, strongly influenced by the
type of livestock management system (Ramos-Garcia et al., 2022). Future research should consider
sector-specific analyses to better capture the unique characteristics and priorities of each livestock
system. Furthermore, a more in-depth exploration of socio-economic and organisational dimensions
- only partially addressed here - would contribute to a more comprehensive understanding of
sustainability drivers. Longitudinal studies would also improve the capacity to identify causal links
between sustainability dimensions and farm performance over time.

Taken together, our study demonstrates that using a single questionnaire for farms with such
differences in livestock species, geographic conditions, and sustainability focuses can be challenging.
Nonetheless, although no universal key can unlock a sustainable future for all types of animal
farming, understanding the high heterogeneity of realities shaping the sector, combined with the
involvement of the actors currently leading the transition, represents a crucial first step towards a

more environmentally, economically, and socially sustainable livestock sector.
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consumer analysis
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Abstract

Increasing environmental and ethical concerns are driving the transition towards more sustainable
livestock production systems. However, consumer acceptance remains a critical and underexplored
bottleneck, particularly for beef from animals fed agro-industrial by-products. In this context, this
study investigates Italian consumer attitudes and acceptance of beef derived from cattle fed hazelnut
skins (HS), a by-product of the hazelnut processing industry currently classified as waste under EU
regulation, representing a novel circular economy application. An online survey (CAWI) was
administered to 900 Italian beef consumers in 2023. Principal Component Analysis (PCA) identified
five attitudinal patterns: Conscious and Confident, Food Neophilic, Environmentally Concerned,
Animal Nutrition Concerned, and Food Neophobic. K-means cluster analysis on PCA scores yielded
five consumer segments, characterized by socio-demographic variables and attitudes towards novel
foods. Age and sensitivity to sustainability significantly predicted acceptance of HS-fed beef. The
Informed, Curious and Concerned segment (24%) reported the highest acceptability (mean = 5.58/7)
and environmental sustainability scores (mean = 5.83/7). The Informed Meat-Eaters segment (14.2%)
showed the strongest health benefit perceptions (mean = 5.13/7). Older consumers, concentrated on
the Sustainable and Selective cluster, showed more moderate acceptance, moderated by food
neophobia. This study is one of the first to examine consumer segmentation specifically in the context
of beef from farms fed with by-products in Italy. The findings provide actionable guidance for
differentiated communication strategies across consumer segments and inform policymakers on

promoting circular food systems.

Keywords: alternative feed, consumer segmentation, food industrial by-product, sustainable beef,

food neophobia
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3.1 Introduction

Over the last decade, diverse environmental, economic and social challenges have exposed structural
vulnerabilities of global food systems, highlighting the urgent need to enhance their sustainability [1].
One major area of concern relates to animal-derived products, meat in particular, due to the growing
awareness tied to its resource demands and ethical implications [2]. In Europe, this has led to
increasingly strict environmental and climate regulations, parallel to a shift in consumers’ eating
habits, with many people opting to cut back on the most impacting meats, especially beef. As a result,
its yearly production has dropped by 5% across Europe and by 20% in Italy between 2022 and 2023.
These data, together with a negative trend projected towards 2035, make beef one of the most critical
sectors of the meat industry [3,4].

Nonetheless, the sector is a substantial contributor to food security through its provision of protein,
energy and essential micronutrients from fibrous feeds that cannot be directly consumed by humans
[5]. It also plays a vital role in sustaining rural communities and national identities across Europe and,
for these reasons, its importance cannot be overlooked [6].

The long-term resilience of the beef industry depends on its capacity to adapt to evolving societal
expectations and market demands by providing high-quality, nutrient-dense meat products through
practices that prioritize environmental sustainability and animal welfare [2,7,8].

In Europe, much research has focused on the feed industry as a key area for meeting these growing
expectations. Feed production can account for up to 70% of total expenses, and is also responsible
for significant environmental issues, deforestation, biodiversity loss and competition for resources
between food and feed systems [9]. Therefore, finding sustainable solutions is essential for the future
of both livestock and food systems [10]. One extensively studied approach is the inclusion of
alternative feed sources, such as insects, marine algae, and by-products from the food industry
[11,12]. Among them, food by-products are particularly promising, as they reintroduce components
of the food supply chain that would otherwise be discarded as 'waste' [13]. In this context, examples
of growing relevance for the scientific sector include brewers' spent grain, olive pomace, citrus pulp,
grape pomace and hazelnut skins — the latter being the focus of the present study [14—18].

Their employment in the feed sector alleviates the competition for key ingredients, such as cereal
grains, while reducing the industry’s environmental footprint without compromising the safety, nor
the nutritional value of the final product [10,19,20].

Among these by-products, hazelnut skins (HS) represent a particularly compelling case study. From
a regulatory standpoint, HS are the only by-product of the hazelnut processing chain currently

classified as 'waste' under EU feed legislation [19], as opposed to other fractions that retain 'feed
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material' status. Their re-evaluation as a functional feed ingredient therefore represents a paradigmatic
application of the cradle-to-cradle principle within the agro-industrial food system and aligns directly
with the objectives of the EU Farm to Fork Strategy and the Circular Economy Action Plan [21].
From the animal nutritional perspective, the inclusion of HS in ruminant and monogastric diets has
been validated across multiple experimental trials. Studies in dairy cows [22], lactating ewes [23],
pigs [24], and lambs [25] consistently report an absence of adverse effects on animal health and
productive performance. Moreover, HS inclusion has been associated with improvements in the fatty
acid profiles of derived products — notably a reduction in atherogenic saturated fatty acids and
increases in vaccenic and oleic acids, recognized as health-promoting lipids. These nutritional
benefits, if effectively communicated, may constitute an additional driver for consumer acceptance.
In accordance with the EU legislative definition, food products obtained from animals fed with an
alternative diet fall under the category of novel foods, together with plant-based novel foods and meat
protein alternatives [21]. The literature presents extensive research on the nutritional, technological
and safety aspects associated with the consumption of these foods, yet little attention has been given
to consumers' perceptions and acceptance of meat products derived from alternative feed materials
[18,26,27]. Despite the promising zootechnical and nutritional evidence for HS-fed beef, no study to
date has examined how consumers perceive and evaluate this specific product. This gap is critical, as
consumer attitudes strongly influence market adoption and, ultimately, the development of
sustainable food systems [28,29].

To date, much of the existing research has focused on insects [30-32], as well as on aquatic and plant-
based alternatives both in animal feed and human food [33,34]. Findings show that consumer
acceptance strongly varies across cultures: Western consumers tend to value environmental and health
benefits, whereas Asian consumers emphasize taste and familiarity [35]. Similarly, studies on algae
and other aquatic foods highlight the central role of sensory attributes and culinary traditions, with
higher skepticism reported in countries with more established food cultures, such as France, compared
to Germany and the Netherlands [36-38].

As regards meat products obtained from agro-industrial by-products, only limited evidence exists.
Available studies stress the importance of improving public understanding of these innovations [39-
40], in line with efforts already made for other types of novel foods [41-43].Consumer acceptance,
shaped by factors including food neophobia, environmental identity, and trust in food systems,
constitutes the ultimate determinant of whether a sustainable innovation reaches commercial scale
[44-46]. Understanding these dynamics for HS-fed beef is therefore essential not only for the hazelnut

by-product valorization chain, but as a transferable model for the broader category of agro-industrial
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by-product-fed livestock products. By identifying key consumer segments and understanding what
drives the acceptance of beef obtained from animals fed an agro-industrial by-product such as HS,
this research aims to serve as a valuable model to understand the fundamental mechanisms regulating
the market of novel foods.

The specific objectives of the study can therefore be summarized as follows:

1) Identification of distinct consumer attitudes towards novel foods based on variables such as food
neophobia, frequency of beef consumption, green self-identity, awareness of food waste and animal
feeding practices, perceived meat quality and commitment to reducing food waste.

2) Analysis of consumers' perceptions and acceptance of beef derived from animals fed hazelnut
skins, as model for novel foods. This will involve examining various factors, such as product quality,
food safety, and the economic, environmental, and health benefits associated with this type of meat.
3) Assessment of the effect of socio-demographic factors on consumer opinions and preferences
regarding sustainable livestock feeding practices.

The findings are intended to help industry stakeholders and policymakers develop strategies that align

with consumer expectations and promote more sustainable food systems.

3.2 Materials and methods

3.2.1 Data collection

From September to November 2023, a consultancy company conducted data collection by using the
Computer Assisted Web Interviewing (CAWI), allowing to guarantee a balanced and representative
sample. Participation was fully voluntary and anonymous. No personal identifiers were collected, and
all data were processed in accordance with the General Data Protection Regulation (GDPR) [47].
Criteria for inclusion were consent for data use, minimum age of 18 years and the regular
consumption of beef products. Prior to completing the survey, each respondent was presented with a
standardized disclosure sheet describing: (1) the scientific purpose of the study; (ii) the voluntary and
anonymous nature of participation; (ii1) the procedures for data storage and use; and (iv) the right to
withdraw at any stage without consequence. Respondents provided their informed consent via an
electronic signature embedded in the CAWI platform before accessing the questionnaire. No
monetary compensation was provided.

The conduction of this study was approved by the University Bioethics Committee of the University
of Turin (Ref — GD/169873/2023) and followed the ethical standards defined by the Declaration of
Helsinki.
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3.2.2 Participants

The final study sample resulted composed of 900 meat consumers and was representative of the
Italian population from a socio-demographic perspective [48]. The sample was balanced in terms of
gender and primarily composed of individuals aged 31 to 59 years (60%). Most participants had a
medium level of education, with over half (54.44%) holding a secondary school diploma. Income
levels were concentrated in the mid-range brackets, with nearly 70% earning between €1,001 and
€4,000 per month. The majority were employed, particularly in the private sector (41.78%), indicating
a working-age, economically active population with moderate educational attainment.

3.2.3 Questionnaire

A total of 950 surveys were completed (response rate=94.74%), 50 of which (5.55 %) were eliminated
due to missing data or for not fulfilling the quality checks (straight-lining).

The questionnaire was firstly developed in English and pre-tested by consumer science experts,
whose approval was followed by the Italian translation by bi-lingual native speakers. As reported in
literature [49,50], translated surveys might present new comprehension problems consequent to the
translation process. Due to this, a pre-test of the Italian version was conducted, involving five
individuals external to the project and leading to minor modifications to the questions phrasing and
response options. Participants were asked questions in relation to socio-demographic features, food
neophobia, meat consumption habits, individuals’ perceptions and expectations towards meat
produced from beef cattle fed with HS as part of the feed formula. The investigated variables were
decided through literature research targeting the most relevant traits involved in consumers’ decision-
making process in the context of novel foods, to understand and provide a quantification of their role
[51,52]. The final instrument comprised seven construct sections plus a socio-demographic module,

as summarised in Table 1.
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Table 1. Summary of questionnaire constructs, validated sources, number of items, and internal

consistency.
Construct Validated Source N Items Scale Cronbach's ¢ Interpretation
Food Neophobia / Food Neophobia Scale 10 (5 7-pt Likert 0.95 Excellent
Neophilia neophilia + 5

[53.54] neophobia)

Weekly beef Study-specific 1 3-pt N/A N/A
consumption ordinal
frequency
Consumer green [55] 2 7-pt Likert r=0.89 Good
self-identity
Awareness of food [55] 4 7-pt Likert 0.75 Acceptable
waste reduction
Concern about food [55] 3 7-pt Likert 0.80 Good
waste reduction
Awareness of animal Adapted from [55] 4 7-pt Likert 0.81 Good
feeding methods
Concern about Adapted from [55] 3 7-pt Likert 0.82 Good
animal feeding
methods
Acceptability of HS- [56,57] 3 7-pt Likert 0.83 Good
fed beef
Organoleptic trait [58] 7 7-pt Likert 0.71 Acceptable
perceptions
Health benefit & [59,60] 10 7-pt Likert 0.83 Good
risk perceptions
Economic [61] 2 7-pt Likert 0.67 Borderlinet
sustainability
Environmental [62] 3 7-pt Likert 0.71 Acceptable
sustainability
Animal welfare [63] 3 7-pt Likert 0.77 Acceptable

perceptions

1 The economic sustainability scale (o = 0.67) falls slightly below the conventional 0.70 threshold (Nunnally, 1978;
Hair et al., 2019). Given the exploratory nature of this study and the theoretical importance of economic
perceptions in novel food acceptance, this two-item scale was retained. Readers should interpret findings for this
subscale with appropriate caution. Reliability thresholds used: a > 0.70 = acceptable; o > 0.80 = good; o> 0.90 =

excellent [64].
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All Likert-type items were assessed on a seven-point scale ranging from 1 (Strongly disagree) to 7
(Strongly agree). The complete list of items per construct is reported in Supplementary Table S1.
Finally, the Sociodemographic characteristic investigated gender, age, region of origin, educational
level, employment and marital status, household size, and monthly average income.

A translated version of the questionnaire is reported in the section S2 of the Supplementary Materials.
3.2.4 Principal Component Analysis and clustering

Principal Component Analysis (PCA) was performed on the 27 attitudinal items to reduce the
dimensionality of the dataset and identify underlying attitudinal patterns among consumers. The
suitability of the data for PCA was verified using the Kaiser—Meyer—Olkin (KMO) measure of
sampling adequacy and Bartlett’s test of sphericity. Components with eigenvalues greater than 1 were
retained according to the Kaiser criterion. To improve interpretability, a Varimax orthogonal rotation
was applied. Items with factor loadings above £0.35 were considered significant for the interpretation
of each component. For each respondent, component scores were calculated, representing the
individual position on the extracted principal components. These component scores were
subsequently used as input variables for the cluster analysis to segment consumers according to their
attitudinal profiles. The number of clusters was determined using a two-stage procedure. First, a Two-
step cluster analysis (SPSS v.29) was run on the five PCA factor scores, using the Bayesian
Information Criterion (BIC) as the automatic selection criterion (maximum clusters tested: 15;
distance measure: Euclidean). The Two-step algorithm suggested k=6 as the optimal solution.
However, examination of the six-cluster solution revealed that the sixth cluster did not provide a
meaningfully distinct attitudinal profile. Therefore, a K-means cluster analysis was subsequently
performed with k=5, which yielded a more parsimonious and theoretically interpretable
segmentation. The BIC values for each tested cluster solution are reported in Table S3 of the
Supplementary Material. Subsequently, the k-means clustering method was applied using the
component scores to assign respondents to homogeneous consumer segments [65].

A Multivariate Analysis of Variance (MANOVA) was then employed to identify potential differences
among clusters in perceptions of acceptability, organoleptic traits, health benefits, economic and
environmental sustainability, animal welfare and risks associated with meat products obtained from
beef cattle fed hazelnut skins as part of their feed. Post-hoc Tukey's multiple comparison tests were
also conducted. This approach allowed us to simultaneously test for multivariate differences among
clusters (independent variable) across correlated outcome variables (dependent variables), accounting

for their intercorrelations and reducing the risk of Type I error [66,67].
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Finally, an alluvion plot was used to depict the relationship between cluster membership, some socio-
demographic characteristics (gender, age, and geographic affiliation), and consumer meat
acceptability, comparing three levels (high, medium, and low). Starting from the mean score obtained
for each of the three items measuring acceptability ("I am interested in buying meat from beef cattle
fed hazelnut skins as part of the feed formula", "It is a good idea to buy meat from beef cattle fed
hazelnut skins as part of the feed formula", “Buying meat from beef cattle fed hazelnut skins as part
of the feed formula is important to me”), we considered the high level of acceptability to be a mean
score higher than 6, the medium level to be between 4 and 6, and the low level to be a mean score
lower than 4. All statistical analyses were performed using SPSS (version 29.0), with an alpha level

of 5% considered.
3.3 Results

3.3.1 Consumer attitudes towards new foods

Results from the PCA allowed to identify five new variables (Principal Components-PCs), each
representing a specific consumer’s attitudinal pattern and perception profile towards meat products
obtained from beef cattle fed hazelnut skins as part of the feed formula (Table 2). The presented PCs
explained the 65.2% of the total variance and were retained in accordance with the Kaiser criterion
(eigenvalue > 1) [66]. Each component was named in accordance with the attitudinal pattern

described by the significance of the values.
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Table 2. Varimax rotated PCA: attitudinal patterns towards novel foods based on food neophobia,
familiarity with food waste and animal nutrition (n = 900). Items are grouped by construct. Non-
significant loadings (< |0.35|) are indicated by —. The negative loading for beef consumption
frequency reflects an inverse association with the Environmentally Concerned component and is

reported for interpretive completeness, this item is not part of an attitudinal scale.

PC4
PC1 PC2 PC3 PC5S
. k . Animal
Variables Conscious & Food Environmentally . Food
Nutrition
Confident Neophilic Concerned Neophobic
Concerned
Food Neophilia
I frequently try new . 0.800 _ o L
and different foods
I like foods originating o 0787 o . o
from other countries
When eating out, I will
— 0.827 — — —
try new foods
I will eat almost
. — 0.670 — — —
anything
I like to try new ethnic
— 0.784 — — —
restaurants
Food Neophobia
I do not trust new foods — — — — 0.696
If I do not know what is
— — — — 0.736
in a food, I will not try it
I find unfamiliar foods
— — — — 0.664
too strange to eat
I am afraid to eat
things I have never tried — — — — 0.712
before
I am very selective
— — — — 0.580
about what I will eat
Green Self-Identity
I think of myself as an
environmentally conscious — — 0.570 — —

consumer
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PC4
PC1 PC2 PC3 PC5
Animal
Variables Conscious & Food Environmentally . Food
- Nutrition .
Confident Neophilic Concerned Neophobic
Concerned
I consider myself very
concerned about — — 0.628 — —

environmental issues

Consumer Awareness — Food Waste Reduction

I feel that I know a lot
about food waste reduction

Compared to my
family, I know a lot about

food waste reduction

Compared to my
friends, I know a lot about

food waste reduction

Compared to experts, I
know a lot about food waste
reduction

0.664 — —

0.641 — —

0.682 — —

0.792 — —

Consumer Concern — Food Waste Reduction

Food waste reduction is

important to me

I am concerned about

food waste reduction

Food waste reduction is

very important to me

— — 0.794

— — 0.759

— — 0.761

Consumer Awareness — Animal Feeding Methods

I feel that I know a lot
about what animals are fed

Compared to my
family, I know a lot about
what animals are fed

Compared to my
friends, I know a lot about
what animals are fed

0.809 —

0.837 — —

0.843 — —
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PC4
PC1 PC2 PC3 . PC5S
. X . Animal
Variables Conscious & Food Environmentally . Food
. Nutrition .
Confident Neophilic Concerned Neophobic
Concerned

Compared to experts, I
know a lot about what 0.790 — — _ _

animals are fed

Consumer Concern — Animal Feeding Methods

What animals are fed is

. — — — 0.805 —
important to me
I am concerned about
— — — 0.799 —
what animals are fed
What animals are fed is
. — — — 0.825 —
very important to me
Beef Consumption Frequencyt
How many times per
week do you usually eat — — -0.382 — —
beef?
Cronbach's a 0.87 0.95 0.79 0.89 0.90
Explained variance (%) 27.8 16.6 11.7 4.8 4.4

KMO = 0.887. Bartlett's test of sphericity: ¥* = 15037.253, p < 0.001. Total explained variance: 65.2%.

1 Beef consumption frequency is a single behavioural item, not an attitudinal scale. Its negative loading on PC3
indicates an inverse association between higher beef consumption frequency and the Environmentally Concerned
attitudinal profile, and is reported for interpretive completeness only.

The first PC, named “Conscious and confident” (explained variance 27.8%) identifies a consumer
attitudinal profile characterized by a high level of confidence in their knowledge of animal nutrition
and food waste reduction. The PC 2 (“Food neophilic”, explained variance 16.6%) describes a curious
and adventurous consumer attitudinal profile, characterized by active research for new foods (“When
eating out, [ will try new foods”, loading value=0.827; “I frequently try new and different foods”,
loading value=0.800) with no culinary nor geographical limitations. On the other hand, PC 5, “Food
neophobic” (explained variance 4.4%), identifies a neophobic attitude towards preparations on which
consumers have limited knowledge in terms of composition (“If I do not know what is in a food, I
won’t try it”, loading value=0.736) and/or sensory traits (“I am afraid to eat things that I have never

had before”, loading value=0.712).
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PC 3, the “Environmentally concerned” pattern (explained variance 11.7%) represents an attitudinal
pattern with a strong green self-identity and high awareness towards food waste reduction. This
profile is also defined by a negative correlation with the beef-consumption frequency factor (loading
value=-0.382), suggesting an association with a dietary pattern marked by limited or no meat
consumption.

Finally, the consumption pattern called “Animal nutrition concerned” (explained variance 4.8%)
describes a consumer attitude marked by great concern over animal nutrition, but without a parallel
influence from factors regarding knowledge on animal feeding methods. Additionally, no significant
influences were found regarding awareness or knowledge of food waste reduction or sustainability in
general.

3.3.2 Consumers’ profile

The cluster analysis identified five different consumer groups (Table 3). Each cluster was named in
accordance with the weight of each PC on the group definition reflecting the sum of specific attitudes.
Table 3. Final clusters definition: weight of each consumer attitude towards new foods derived by the

PCA in cluster definition.

Informed, . .
Informed, Not Curious & Informed Meat- Sustama!)le & Sustainable &
.. Selective Adventurous
Principal Component Concerned Concerned Eaters (n=128, (n=216 (n=166
(n=174, 19.3%) (n=216, 14.2%) o) o)
24.0%) 24.0%) 18.0%)
Conscious & Confident
+ + + — —
(PC1) 0.10 0.50 0.98 0.89 0.33
Food Neophilic (PC2) -0.50 +0.32 +0.55 —0.49 +0.35
Environmentally
- + — + +
Concerned (PC3) 1.04 0.28 0.05 0.35 0.66
Animal Nutrition
- + + + -
Concerned (PC4) 0.47 0.54 0.31 0.56 0.22
Food Neophobic (PC5) -0.16 -0.97 +1.27 +0.41 —-0.11
F-value (p < 0.001 for all) 156.96 55.24 210.77 196.36 225.45

The socio demographic characteristics of the obtained clusters were described in Table S4 in the
Supplementary materials.
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Table 4. Differences in perceptions across the five consumer clusters: MANOVA results and cluster

means (n = 900).

Dependent Informed Inf(frmed Informed Sustainable Sustainable Partial
Variable Not Curious & Meat- & Selective & ¥ P 2
Concerned Concerned Eaters Adventurous 1
Acceptability 421 5.58 5.43 4.80 4.55 50.48 <0.001 0.18
Organoleptic
. 4.13 4.90 5.17 4.40 4.32 47.79 <0.001 0.17
traits
Health benefit |, 4.54 5.13 428 413 4794 <0.001 0.17
perceptions
RISlf 4.34 5.51 5.32 4.90 4.83 34.51 <0.001 0.13
perceptions
Economic 4.09 4.67 5.05 429 436 2785 <0.001 0.1
sustainability
Environmental
. ore 4.29 5.83 5.49 5.32 5.25 61.88 <0.001 0.22
sustainability
Animal
welfare 4.10 4.53 5.09 4.17 4.10 46.17 <0.001 0.17
perceptions

Multivariate test (Pillai’s Trace): F (28, 3568) = 18.74, p < 0.001, partial n?=0.13
All univariate F-tests: df = (4, 895). Post-hoc pairwise comparisons: Tukey HSD, o = 0.05. Cluster means are

reported on a 7-point scale (1 = Strongly disagree, 7 = Strongly agree).
The first cluster, called “Informed, Not Concerned” (19.3 % of the total sample), is defined positively
only by the first attitudinal profile (PC1, “Aware and Informed”), and negatively by all the other four
models, particularly PC3 (“Environmentally Concerned”) (Table 3). These consumers were
characterized by a strong self-reported knowledge of food systems but minimal concern for
sustainability. They showed moderate acceptance of new meat products (mean score=4.21),
emphasizing environmental factors (mean score= 4.29) over economic considerations (mean score=
4.09) (Table 4). This cluster presents a balanced socio-demographic profile, with significant
representation from the South and Islands (37.93%) and the Northwest (22.99%). Consisting of a
majority of men (62.64%), the group is relatively balanced in terms of age, with higher percentages
in the 31-44 and 45-59 age groups (29.31% and 30.46%, respectively), and a smaller percentage of
younger adults (18-30 years, 26.44%) (Figure 1).

The second group, labelled as “Informed, Curious and Concerned”, accounts for 24% of the total

sample (Table 3). This group is interested in environmental and food system issues. This group is the
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most open to sustainable meat products, placing a high value on environmental sustainability and
reducing food waste. In fact, its members have reported the highest acceptability (mean score= 5.58)
and environmental sustainability (mean score= 5.83) scores compared to all other groups. They also
presented a relatively higher appreciation for organoleptic characteristics, with a mean score of 4.90
(see Table 4). This cluster was positively defined by all the identified consumer attitudes, except for
the PCS5, related to “Food Neophobia”. This group is quite heterogeneous in terms of geographic
origin, with a significant concentration of middle-aged individuals, particularly aged 31-44 years
(30.09%) and 45-59 years (35.65%) (see Figure 1).

Cluster 3 was named as “Informed meat eaters” and accounts for 14.2% of the total sample. These
consumers reported high acceptability (mean score= 5.43), parallel to the belief of strong health
benefits (mean score= 5.13), and safety perceptions (mean score= 5.05) (Table 4). High scores were
also reported for economic sustainability (mean score= 5.05) and organoleptic traits (mean score=
5.17). Attitudes were positive across four out of five profiles, with the only negative aspect being
PC3, negatively correlated with beef consumption. The group is mostly from the South and Islands
(47.66%) and with a predominantly female composition (53.13%).

The fourth cluster, called “Sustainable and selective” (24%), resulted very concerned about
sustainability but picky about novel foods. Its composition consisted mostly of older people (more
than 70% made up from individuals aged between 45 to 70 years old) with a moderate level of
acceptance of sustainable innovations. Overall, it averaged 4.80, with 5.32 for environmental
sustainability. It rated economic sustainability at 4.29 and had a notable score of 4.90 for risk
perceptions. However, its focus on health benefits (4.28) and taste qualities (4.40) was lower
compared to Clusters 2 and 3 (Table 4). This group was positively influenced by the factors PC3,
PC4, and PC5, which relate to consumer concerns about environmental sustainability, animal feed
management, and a cautious attitude towards new foods.

On the other hand, the “Sustainable and Adventurous cluster” (18%) consisted of consumers who
balanced their sustainability concerns with a curiosity for trying new foods. They showed moderate
acceptance (mean score= 4.55) but didn’t strongly favor any particular aspect. Participants in this
group had moderate to low expectations regarding health benefits (4.13) and environmental
sustainability (5.25), especially when compared to the other clusters (see Table 4). The characteristics
of this cluster were positively defined by PC2 and PC3, highlighting a consumer profile that is both
environmentally conscious and curious (refer to Table 2). This group had an even distribution across

age ranges and a notable representation from the North-West (32.50%) (Figure 1).
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Consumer segment

Figure 1. Socio-demographic characteristics and acceptability levels of the five consumer clusters
(n = 900). The alluvial plot displays the flow of respondents across five dimensions (left to right):
consumer segment, gender, age group, geographical area, and acceptability level. The width of each
ribbon is proportional to the number of respondents sharing that combination of characteristics.
Acceptability levels were defined from the mean score across three items: High = mean score > 6,
Medium = mean score between 4 and 6; Low = mean score < 4 (7-point Likert scale). Consumer
segment labels: (1) Informed, not concerned (19.3%); (2) Informed, curious and concerned (24.0%);
(3) Informed meat-eaters (14.2%); (4) Sustainable and selective (24.0%); (5) Sustainable and
adventurous (18.0%). Gender categories: Men, Women, Non-binary. Age groups: 18—30, 31-44, 45—
59, 60-70 years. Geographical areas: Centre, North-East, North-West, South and Islands.
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3.4 Discussion

This research provided a detailed overview of Italian consumer profiles concerning the consumption
of beef obtained from animals fed with HS in terms of acceptability, economic and environmental
sustainability, and perceptions of their organoleptic traits, health benefits, risks, and animal welfare
implications. The present results aim to offer insights into the dynamics shaping consumer attitudes
toward novel foods.

3.4.1 Consumption attitudes towards new foods

Consumer demands in the food industry are changing, with a growing focus on products that are
healthier, more sustainable, and ethically produced [68]. Because of this, companies are required to
not only adapt their product offerings, but also to reconsider how such values shape consumers’
preferences. One common approach to tackling this challenge is examining the attitudes that make
up a consumer's profile [69]. This kind of analysis has been applied to various fields, including
fashion, cutting-edge technologies and food products [70]. Recently, the food industry has focused
on key factors such as perceptions of sustainability, animal welfare and human nutrition [71-74]. This
study is the latest in a series of similar research projects in other sectors. Its aim is to examine the
changing food landscape by looking closely at the attitudes of Italian consumers towards new food
options.

The first consumer profile, labelled 'Conscious and Confident', displayed a strong sense of assurance
regarding livestock nutrition and minimizing food waste. In general, Italian consumers are quite
comfortable with the concept of cattle nutrition, probably because it is so ingrained in the country's
agricultural and culinary traditions [75,76]. However, their level of awareness and confidence
regarding food waste aligns with that found in earlier studies [77].

Two opposing views on trying really stood out among the key attitudes we noticed: PC2 and PC4.
PC2 was characterized by curiosity and openness, and a willingness to embrace and enjoy new
culinary experiences (food neophilia). In contrast, PC4 was more cautious, hesitating to try unfamiliar
foods due to concerns about ingredients or taste (food neophobia). These patterns are well-
documented in research examining how consumers embrace food innovation while maintaining
traditional culinary knowledge [78-81]. Then there's PC3, known as 'Environmentally Concerned',
representing consumers who are dedicated to reducing food waste and often prefer a low- or no-meat
diet. This viewpoint aligns with the findings of Wakefield and Axon [77], who noted that this trend is
gaining traction due to a commitment to sustainability and an increasing awareness of the
environmental impact of livestock farming. Although their research was based in the UK, the authors

believe that their insights are applicable worldwide, particularly in developed countries such as Italy,
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where tackling food waste poses a significant challenge. In contrast, PC4, labelled 'Animal Nutrition
Concerned', focused on animal nutrition but seemed to lack a solid understanding of effective feeding
practices for animals. Unlike PC3, this group did not demonstrate much awareness of issues such as
reducing food waste or promoting sustainability. Few studies have compared this mindset, as most
research on animal nutrition tends to focus on companion animals [82] or delve into livestock welfare
and environmental issues [83-86].

3.4.2 Italian consumers’ profiles

Understanding consumer behaviour is crucial for the future of the food industry, particularly in
dynamic markets such as Italy. Consumers can be categorized based on factors such as neophobia,
frequency of beef consumption, green identity, and awareness of food waste and animal feeding
practices through cluster analysis. Companies can use this information to create targeted marketing
campaigns, improve product positioning and increase consumer engagement. Meanwhile,
policymakers can develop initiatives that promote public health and environmental sustainability
[87]. This study identified five distinct consumer groups. The 'Informed, Curious and Concerned' and
'Informed Meat-Eaters' clusters in particular stood out for their embrace of innovative foods.
'Informed, Curious and Concerned' consumers were recognized for their curiosity and strong
environmental awareness, a finding that aligns with previous research [88-90]. In contrast, the
'Sustainable and Selective' cluster exhibited more restrained acceptance and a more discerning
approach, which is consistent with studies indicating that older consumers often resist dietary
modifications [91]. One possible reason for this trend is that older adults may feel that their choices
will not significantly affect the future [92]. Therefore, it is crucial to develop communication
strategies that integrate sustainability into familiar food traditions [93]. Some interesting gender
differences were also observed between the clusters, with the exception of 'Sustainable and
Adventurous'. Consumers who were informed but not worried were mostly male. Meanwhile,
consumers who were informed, curious and worried, as well as meat-eaters who were interested in
the environment and sustainability. This disconnect could stem from a lack of education on how to
implement sustainable practices [94]. Furthermore, research suggests that women are generally more
engaged in sustainable consumption habits, while men often prioritize practical factors such as price
and convenience [95-98].

3.4.3 Implications for the meat industry

The present results have concrete and differentiated implications for both industry stakeholders and
policymakers aiming to promote the adoption of sustainable feed innovations in the Italian meat

market.
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3.4.4 Segment-specific communication strategies

Informed, Curious and Concerned consumers (24%): This segment reported the highest acceptability
and environmental sustainability scores. Communication strategies targeting this group should
emphasize verified sustainability claims and third-party ecolabelling (e.g., EU circular economy
certification marks). Campaigns should make explicit the link between HS feed use and waste
reduction targets — for instance, quantifying the tons of hazelnut by-product diverted from landfill
per ton of beef produced. Digital channels and sustainability-oriented retail platforms (e.g., organic
food stores, farm-to-table subscription boxes) are likely the most effective touchpoints for this
audience.

Sustainable and Selective consumers (24%, predominantly 45—70 years): This older, more cautious
segment showed moderate acceptability and high food neophobia. For this group, sustainability
messaging should be embedded within familiar cultural and culinary frameworks rather than
presented as innovation. Communication should emphasize continuity with Italian pastoral tradition
and quality of animal husbandry, rather than the novelty of the feeding practice. Point-of-sale
materials and trusted institutional endorsements (e.g., agricultural consortia, PDO bodies) would be
more effective than digital campaigns. The term 'upcycled feed' should be avoided in favor of 'natural
by-product of Italian hazelnut production'.

Informed Meat-Eaters (14.2%): This segment shows strong health benefit perceptions and high
acceptability. Marketing messages should foreground the improved fatty acid profile of HS-fed beef
(documented reduction in atherogenic lipids, increase in oleic and vaccenic acids), potentially
framing the product as functionally superior rather than merely sustainable. Collaboration with
nutritionists and health communicators could amplify reach within this group.

Informed, Not Concerned (19.3%): This predominantly male group has self-reported knowledge but
low sustainability concern. Economic arguments — demonstrating price competitiveness with
conventional beef through supply chain efficiency — are the most promising lever. Transparent
pricing strategies and cost-benefit comparisons at point of sale may shift purchasing behaviour in this
segment more effectively than environmental appeals.

Sustainable and Adventurous (18%): This younger segment (overrepresented among 18—30-year-
olds) balances openness to novelty with environmental awareness but shows moderate and
undifferentiated perceptions across attributes. Innovation-oriented messaging, highlighting the
cutting-edge nature of circular feed systems and the role of the consumer as an agent of food system
change, is most likely to engage this cohort. Social media campaigns, influencers partnerships in the

food-sustainability space, and QR-code-accessible supply chain transparency tools are recommended.
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3.4.5 Policy recommendations

At the regulatory level, the present findings support three concrete policy directions. First, the
European Commission should consider extending the scope of circular economy quality labels to
include livestock products derived from approved by-product feed ingredients, enabling clearer
market differentiation and consumer-facing communication. Second, national public health and
agricultural extension agencies should invest in consumer literacy programs explicitly addressing
agri-food circularity — explaining, in accessible language, what by-product feeding involves, why it
is safe, and how it benefits the food system. Our findings suggest that knowledge — not merely
environmental concern — is a key predictor of acceptance, underscoring the value of science-based
public communication. Third, fiscal instruments (e.g., reduced VAT rates on certified circular beef
products, subsidized feed certification costs for small producers) could accelerate uptake among
producers, lowering the cost barrier that currently limits consumer access.

3.4.6 Label saturation caveat

A critical consideration for both industry and policymakers is the risk of sustainability label
proliferation. Italian consumers already navigate a complex landscape of quality marks (PDO, PGI,
organic, Rainforest Alliance, carbon footprint labels, etc.). Adding a 'circular feed' label without
adequate simplification and communication risks confusion rather than clarity, particularly for
segments already characterized by information overload. We therefore recommend that any new
labelling scheme be developed within existing EU quality frameworks rather than as a standalone
system, and that it be subject to consumer testing before market deployment.

3.4.7 Limitations

Limitations of this study can be attributed to practical and technical factors.

Performing the data collection exclusively among Italian consumers may limit the transferability of
the present findings to other cultural or geographical settings where consumers’ attitudes towards
meat production and its sustainability may differ. From a technical perspective, the use of PCA and
subsequent cluster analysis, while valuable for identifying consumer profiles, represents a statistical
simplification of highly complex behaviors and cannot fully capture the dynamic and context-
dependent nature of food choices. Moreover, the study relied on self-reported measures, especially in
terms of sensorial perceptions. For more robust conclusions concerning consumers’ acceptance

towards these parameters, a dedicated sensory analysis would be advised for future studies.
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3.5 Conclusions

This study addresses a research gap by exploring how Italian consumers perceive meat from animals
fed with recycled by-products, particularly hazelnut skin. The analysis classifies attitudes into various
demographic and attitudinal groups, revealing that acceptance of these innovative foods varies
significantly. Factors such as age, gender, environmental beliefs and food neophobia influence these
attitudes. The results emphasize the need for tailored communication strategies: for older or more
traditional consumers it is crucial to integrate sustainability into culinary practices, while younger
and more adventurous audiences may respond better to messages highlighting innovation and
environmental benefits. Furthermore, a focus on cost-effectiveness may resonate with more practical
or cautious consumers. Ultimately, understanding these different consumer profiles is essential to
promote the acceptance of sustainable food innovations, to ensure the resilience of the meat industry

and to support the transition to circular food systems.
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Abstract

Hazelnut skins (HS), by-products of the hazelnut industry classified as waste, are rich in polyphenols,
poli-unsaturated fatty acids and fibres. This study aimed at assessing the in vivo effects of HS
inclusion in beef cattle diets. Eighty beef bulls were divided in two groups (control and test; 4
replicates per group), following a two-phase dietary plan (fattening — 5 months; finishing — 2 months).
Both groups received forage (hay/straw) and feed, with the test feed presenting an 8% HS inclusion.
Feeds’ chemical composition and total phenolic contents were assessed. Bulls’ in vivo growth
performances were recorded, and haematological analysis were conducted at trial start and on
slaughter day. Test feeds of both phases presented higher values (p<0.001) of polyphenols than the
control ones. No differences were observed in haematological or growth parameters during the
fattening phase. In the finishing, the control group exhibited a lower (p<0.05) feed conversion ratio
than the test. However, the potential health benefits linked to the HS’ phenolic compounds, along
with the re-valorization of an agro-industrial by-product and the resulting reduction in food waste,
support the hypothesis that including HS in beef cattle diets may constitute a viable and sustainable
strategy for the beef industry.

Keywords: Livestock; Food by-product; Re-evaluation; In vivo; Alternative feed material;

Hazelnut skins
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4.1 Introduction

The demand for beef meat in Europe has been characterized by a slow, yet steady decline over recent
years. The trend is probably the result of growing consumer concern surrounding the impact of cattle
farming in terms of natural resources and economic factors as well as human and animal health and
welfare [1,2]. To align the realities of the beef industry with consumers’ evolving expectations, a key
challenge for the sector will necessarily involve the implementation of broader sustainability practices
in addition to those associated with productivity.

Feed is a major driver of the industry’s economic and environmental costs. By consequence, research
in alternative ingredients, such as insects, marine algae and food industry by-products, is also growing
[3,4]. Food by-products, generated during the various phases of agricultural and food processing
operations, are one of the most promising solutions being investigated, as they offer a rich source of
micro-nutrients and bioactive compounds [5]. Different sub-groups of by-products exist, reflecting
their different origins, nutritional profiles and possible uses. Agro-industrial by-products include
dairy wastes, fruit peels and pulps, vegetable trimmings and husks from certain seeds and fruits
[6,7,8,9].

The hazelnut industry holds a significant position in Italy, not only in economic terms, being the
second biggest producer world-wide, but also for its historical presence in certain regions, such as
Piedmont, Latium and Campania [10]. The processing of hazelnuts results in various by-products,
including the leaves, green leaf coverings, shells and skins [11]. Hazelnut skins (HS) are identified as
the brown perisperm tightly attached to the fruit, which naturally separates from the latter during the
roasting process [11]. In Italy, approximately 3000 tons of roasted HS are produced annually and
discarded as waste, representing both an economic and ecological challenge for the sector [12]. HS
are the only element of the hazelnut supply chain generated during the post-harvesting phase
classified as “waste”. Thus, re-evaluating their use opens the possibilities to make the hazelnut
industry fully sustainable, creating a “cradle-to-cradle” industrial system.

The chemical profile of HS is characterized by a low moisture content (~7%) and a total dietary fibre
content of approximately 69%, much higher than that of the hazelnut itself (not exceeding 14% on a
dry matter basis) [13,14]. Furthermore, HS contain high amounts of fatty acids, such as oleic, linoleic
and palmitic acids, at percentages of 76%, 15% and 6%, respectively, on a dry matter basis [15]. The
HS are also rich in bioactive compounds, especially phenols, present in concentrations 168 to 378
higher than in raw hazelnuts [16,17]. Numerous studies have demonstrated the beneficial effects of
HS polyphenols in promoting well-being and preventing chronic diseases thanks to their antioxidant,

anti-inflammatory and hypolipidemic properties derived from the chemical profile of HS [18].
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Moreover, these compounds have exhibited in vitro antibacterial properties against a wide range of
pathogenic and saprophytic bacteria [19,20]. On this basis, the consumption of HS has the potential
to reduce antibiotic use in livestock farming, in line with European strategies against antimicrobial
resistance [21]. Although evidence on their in vivo efficacy when supplied as a feed ingredient is still
lacking, efforts to fill this gap are currently being explored, with studies reporting promising
preliminary in vivo and postmortem results, in both monogastrics (pigs) and ruminants (dairy cows,
lactating ewes, beef lambs) [11,22,23,24]. Considering the findings reported in these studies, we can
hypothesize HS to be a sustainable and safe feed ingredient to use for beef cattle that could help meet
the growing demand for a more sustainable livestock sector. Despite the high-profile beef industry in
Italy and its leading position in global hazelnut production, no studies have yet investigated the
aforementioned potentialities.

To address this gap, the LIVE-HAZE project was developed, aimed at evaluating the effects of HS
dietary inclusion in different livestock species. In particular, the present study was designed to
evaluate the effects of HS in beef cattle in terms of in vivo and postmortem performance, health
indicators, meat quality and sensory characteristics, alongside the economic and environmental
implications for both the beef and hazelnut supply chains. Thus, the aim of the present paper was to
gain insight into the effects of HS inclusion on the oxidative stability of the feed, and on the animals’
in vivo performance and health status, assessed through haematological analyses and MALDI-TOF-
MS serum proteomic profiling. Our findings are expected to support the repurposing of a current by-
product of the hazelnut industry, ultimately contributing towards improving the overall sustainability

of the livestock industry.
4.2 Materials and methods

4.2.1 The trial (animals, experimental design dietary treatments)

The experimental trial took place on a beef commercial farm located in Rivoli (TO) (North-West
Italy) and was conducted from June 2023 to October 2024. The experimental procedures with animals
were conducted in accordance with European Union legislation for the protection of animals used for
experimental and other scientific purposes [25], being approved by the Bioethical Committee of the
University of Turin, Italy, (protocol no. 0513042, 03/10/2022), and conducted in accordance with
ARRIVE guidelines. Through a randomized block design, a total of 80 Piemontese beef bulls aged
8+2 months and with an average initial body weight (BW) of 282+65 kg were assigned to two dietary
groups (control — CTR, test — T, n=40 per group).-Bulls were grouped according to their initial BW,
and each group comprised 4 replicates of 10 animals each. Each replicate was housed in a box

measuring 6 x 6 m equipped with 2 drinkers and a feeding alley.
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The animals were introduced into the trial gradually over a six-month period (Table 1) and in pairs of
replicates belonging to the two dietary treatments. Before the start of the trial, each animal was
vaccinated against the main bovine infectious agents (IBR, BVD-MD, P13, VRSB) and de-wormed.
At the end of the trial period, all animals in study were slaughtered in the commercial slaughterhouse
belonging to the same farm where the trial was conducted. The slaughterhouse was CE approved, and
the slaughtering was conducted in accordance with EC Regulation 1099/2009 [26] on the protection
of animals at the time of killing.

Table 1. Trial introduction dates of the 4 pairs of Control-Test replicates involved in the study.

Replicates Trial start date (dd/mm/yyyy)
CTRI1 -TI1 01/06/2023
CTR2 -T2 20/07/2023
CTR3-T3 13/10/2023
CTR4 - T4 21/12/2023

CTR- control group; T- test group; the identity number assigned to each replicate (n.1-2-3-4) correspond to their order

of introduction into the trial

Both the CTR and T groups were fed iso-energetic and iso-nitrogenous diets, with a feeding plan
characterized by a 5-month fattening phase followed by a 2-month finishing period.

The diets consisted of a forage fraction (a morning hay ration + an evening straw ration) plus a
concentrate component (fattening or finishing feed, depending on the trial phase). The overall dietary
plan was structured according to the quantities reported in Table 2, while the ingredients of the

fattening and finishing feeds (CTR and T) are listed in Supplementary Material (Table S1).
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Table 2. Individual dietary plans (kg/day/animal) for the experimental groups during the fattening

and finishing phases.
Ration composition Fattening diet (kg/day/animal) Finishing diet (kg/day/animal)
Barley straw 1 2
Hay 2 4
Fattening feed 7.5
Finishing feed 10

The nutritional plans were formulated in accordance with the general NRC guidelines [27] and
tailored according to the specific requirements of the Piemontese breed, under the supervision of a
nutritionist in coordination with the Consorzio di Tutela della Razza Piemontese (COALVI) [28].
Fattening and finishing concentrates for both groups were prepared on farm every two weeks.

The HS used in both the fattening and finishing feeds for the T group were not subjected to any
physical or chemical treatment beyond the industrial roasting process necessary for their detachment
from the fruit. Due to the intrinsic fragility of the material, they presented a powder-like texture at the
time of inclusion in the feed concentrate.

4.2.2 Analysis

4.2.2i Chemical analysis
Throughout the entire trial, monthly samples of HS and weekly samples of the fattening and finishing

feeds (~20-30 g/sample) were collected and stored in non-sterile blue-cap jars at 0—4°C. The
representative samples were mixed homogeneously, then finely ground with a mill (mesh or particle
size=1 mm). Chemical composition evaluations were performed in accordance with the guidelines
set by the Association of Official Analytical Chemists AOAC [29], specifically: dry matter (DM,
#934.01), ash (#942.05) content, crude protein (CP, Kjeldahl method #984.13) content. The
estimation of ether extract (EE) content was carried out through Soxhlet extraction with diethyl ether,
following the AOAC International method #2003.05 [29]. Neutral detergent fibre (NDF) content was
determined according to AOAC method #2002.04, while acid detergent fibre (ADF) content and acid
detergent lignin content followed AOAC method #973.18. All samples were analysed in duplicate
[30]. The chemical profile of the HS and of the experimental fattening and finishing feeds are
summarized in tables S2 and S3 of Supplementary Material, respectively. The chemical composition
analysis of HS was characterized by a high EE content (25.03%), along with notable levels of NDF
(22.54%) and ADF (17.07%).

4.2.2ii Oxidative status analysis

Monthly samples of the fattening and finishing feeds were collected throughout the whole trial and
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stored in non-sterile blue-cap jars at -20°C. Per each sample, total phenolic content (TPC) and lipid

oxidation, measured as thiobarbituric acid reactive substances (TBARS), were determined.

Total phenolic content (TPC) analysis

Polyphenol extraction and TPC determination were performed following the standard protocol
reported in Capaldi et al. [20].

e Polyphenol extraction
The feed samples were subjected to conventional extraction through hydroalcoholic solution (70:30
EtOH: H20). The protocol provided for a solid:liquid ratio of 1:30 (1 g in 30 ml), for 60 min at 100°C.
The extracts were filtered, and the ethanol was removed by rotavapor. The remaining aqueous fraction
was lyophilized with lyophiliser LyoQuest-85 (Telstar, Madrid, Spain) and conserved at -20°C.

e Analysis of UV-Vis polyphenols
The determination of the TPC was performed following a modified version of the Folin-Ciocalteu
method described by Hillis and Swain [31]. For each extract, an aliquot of 0.25 ml was combined
with 0.5 ml of a 10 % w/v solution of Na2CO3, followed by the addition of 0.25 ml of Folin-Ciocalteu
reagent. Distilled water was added in order to produce a final volume of 5 ml, and the final solution
left at room temperature and in the dark for 25 minutes. The solution’s absorbance at 725 nm was
measured using a UV-vis Cary 60 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Gallic acid was used as reference compound to prepare the calibration curve. The TPC was then
expressed in mg gallic acid equivalents (mgGAE) and compared to grams of feed used for extraction
(mgGAE/g feed). All tests were performed in triplicate.
Lipid oxidation measurement
Lipid oxidation was assessed using the thiobarbituric acid reactive substances (TBARS) assay,
following a modified procedure of the method described by Witte, Krause and Bailey [32].
Briefly, 2 g of frozen feed sample were homogenized for 30 s at high speed in 20 mL of a 10%
trichloroacetic acid (TCA) solution using a Polytron tissue homogenizer (Type PT 10-35; Kinematica
GmbH, Luzern, Switzerland). The homogenate was subsequently filtered and 1 mL of the resulting
filtrate mixed with 1 mL of a 0.02 M aqueous solution of 2-thiobarbituric acid (TBA). The mixture
was incubated in a water bath at 100°C for 20 min, together with a blank containing 1 mL of TCA
and 1 mL of TBA solution, and then immediately cooled on ice. Absorbance was measured at 532 nm
using a spectrophotometer (UV-19001i, Shimadzu). Analyses were carried out in triplicate, and the
results were expressed as g of malondialdehyde (MDA)/kg feed, with a 6-point standard curve as
reference, covering the 0.5-10uM 1,1,3,3-tetramethoxypropane (MDA indicator) concentration

range.
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4.2.2iii In vivo performance

Individual BW (kg) was recorded at the start of the trial (do), at the time of diet shift (from fattening
to finishing) (dis0), and on the day of slaughter (d210). Bi-weekly measurements of forage (hay, straw)
and feed (fattening/finishing) intake were performed for each replicate over two consecutive days by
weighing the amounts offered and the remaining refused feed before the administration of the next
rations.

The individual average daily gain (ADG, kg/d), average individual daily intake of hay (AIDIn, kg),
straw (AIDIs, kg), and feed (AIDIF, kg), and feed conversion ratio (FCR, kg/kg; only concentrate
feed was considered for calculation) were calculated on the replicate basis for each feeding phase

(fattening — t1; finishing — t2) and for the whole experimental period (overall).

4.2.2iv Climatic data

Climatic data (temperature and humidity) encompassing the years 2023 and 2024 were sourced from
the website of the “Agenzia Regionale per la Protezione Ambientale” for Piedmont [33]. The weather
station of choice was Torino Alenia (Lat. 45.081441, Long. 7.611727), due to its geographical
proximity to the commercial farm where the trial was held and for its being equipped with both a
hygrometer and a thermometer. Recorded data encompassed daily minimum, average and maximum
temperatures, along with relative humidity.
From the average values, the average climatic temperature — humidity index (THI) value was
calculated [34]. This climatic index is used to evaluate the degree of thermal discomfort in both
animals and humans, by combining different microclimatic parameters into a single measure [35].
The THI was calculated using the equation originally developed by [34]:

THI = 08- T+ RH - (T —14.4) + 464

Where T is the ambient temperature (°C) and RH is the percent relative humidity.

4.2.2v Haematological analysis

On do, blood samples were drawn before the administration of the morning feed from the coccygeal
vein or jugular vein of all individuals (n=80) and transferred into individual EDTA tubes (volume 2.5
mL). Right after collection, samples were gently inverted several times and immediately transported
to the laboratory for complete blood count (CBC) analysis. Following the same protocol, blood
samples were also collected on slaughter day (d210) from a representative sample of each dietary group
(n=24/group), selected on the basis of the group’s average age and BW values at do and diso. The
CBC analysis, which included a differential leukocyte count, was carried out using an automated

haematology analyser (ADVIA® 2120, Siemens, Munich, Germany).
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4.2.2vi MALDI-TOF-MS analysis

On d210, an additional blood sampling was performed on the same individuals selected for blood
collection for CBC analysis (n=24/group). Each additional blood sample was transferred into serum
separator tubes with clot activator (2.5 mL volume), left at room temperature for ~2 hours and then
centrifuged at 2500 x g for 10 minutes. The serum was then aliquoted and stored at -80°C. At the time
of analysis, serum was thawed and diluted to 1:40 in TFA 0.1% solution, desalted and concentrated
with C4 zip-tip. The serum was then mixed with a matrix composed of sinapinic acid in
acetonitrile/TFA solution. An aliquot (1 pul) of each sample was spotted onto an MSP 96 target ground
steel BC (Bruker Daltonics) previously coated with a saturated solution of sinapinic acid in 100%
ethanol. Four independent spectra (500 shots, each in a random position) were analysed for each
sample using a MALDI-TOF Microflex LRF mass spectrometer equipped with FlexControl software
(version 3.4, Bruker Daltonics).

All spectra were recorded in the positive ion linear mode within the mass range 4000-20000 Da using
cytochrome c as the internal standard. Differential peak analysis was performed using ClinProTools
software (version 3.0, Bruker Daltonics), with baseline subtraction, total average spectra calculation

at a resolution of 800, and data smoothing performed by the Savitzky-Golay algorithm.

4.2.2vii Statistical analysis

Per each parameter, outlier analysis was conducted applying either the interquartile range (IQR) rule,
thus eliminating values above Q3+1.5*IQR and those below Q1-1.5*IQR, or the standard deviation
(SD) rule, thus eliminating values above the mean+3SD and below the mean-3SD, depending on the
normality of the dataset being analysed. For the TPC analysis, no outlier analysis was conducted due
to the limited dataset available.

TPC feed analysis and performance parameters (BW, ADG, FCR, AIDIy s r) were analysed for t1 and
t2 separately. Analysis on haematological parameters were conducted separately on samples collected
at do (n=80) and at d»10 (n=48). An additional analysis was conducted on the percentage variation for
each parameter for the animals whose blood had been sampled in both time frames (n=48).

Per each blood parameter, the percentage variation was calculated as follows:

(d210 - dO)

x 100
do

Per each parameter, the normality of the data distribution for each treatment (CTR/T) was assessed
using the Shapiro-Wilk test. If both datasets presented a normal distribution, the homogeneity of
variances was checked using F tests. If both criteria were met, a two-sample t-test was performed;

whereas if one or both datasets presented a non-normal distribution, the Wilcoxon rank-sum test was
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performed.

Animal age at do, dis0 and d210, as well as performance parameters (BW, ADG, FCR, AIDIys ), were
analysed at the replicate level to identify potential differences using the ANOVA model if sphericity
(Mauchly's Test), normality (Shapiro-Wilk test) and homogeneity of variances (Levene test) were
present. If the criteria were not met, a Kruskal Wallis test was conducted, with the Dunn’s test as post-
hoc.

A correlation analysis was conducted between AIDIy s r and the THI values recorded at the time of
data collection. Additionally, linear models including an interaction term (THI x Group) were
constructed to evaluate whether the effect of THI on AIDInsr varied significantly between
treatments.

All statistical analyses were conducted in R studio (version 4.3.2). Significance was assumed for p-

values < 0.05.

4.3 Results

4.3.1 Oxidative status of the experimental diets

Total phenolic content (Table 3) of the T feed was higher (p<0.001) than in CTR feed during both
phases, while TBARS analysis revealed no differences in lipid oxidation between the two groups at
either time point (Table 4).

Table 3. TPC of experimental feeds administered to beef cattle during the fattening and finishing

phases.

TPC, mgGAE/gfeed

Tim (Mean+SD
(Mean£SD)ct p-value
e )T
R
14.98 = p<
tl 571+1.62
1.87 0.001
10.54 + p<
t2 5.11+0.54
1.42 0.001

TPC — total phenolic content; CTR — control group; T— test group; t1- fattening phase; t2- finishing phase; SD — standard
deviation, p-value threshold for significance = 0.05

Table 4. Lipid oxidation assessed through TBARS assay of experimental feeds administered to beef
cattle during the fattening and finishing phases.
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TBARS, umolmpa/gfeed

Tim (Mean£SD) p-
(Mean£SD)ct
e T value
R

tl 031+0.10 0.34+0.05 0.214

t2 0.26+0.05 0.32+0.02 0.200

TBARS — thiobarbituric acid reactive substances; MDA — malondialdehyde; CTR — control group; T — test group; tI-
fattening phase; t2- finishing phase; SD — standard deviation; p-value threshold for significance = 0.05

4.3.2 Growth performances

The inclusion of HS in the diet did not result in significant differences in BW or ADG between CTR
and T at any time point, while differences between animals from the T and CTR groups were found
for AIDIr and AIDIs (Table 5). Specifically, AIDIr was higher in the T groups during both t1 (p =
0.007) and t2 (p = 0.044), while AIDIs was lower at t1 (p = 0.002). The FCR was higher in T during
the fattening phase (p = 0.023).

Comparisons between replicates in terms of growth performance parameters (BW, ADG, AIDIxsF,
FCR) revealed differences between replicates of the same pair (CTR1 vs. T1; CTR2 vs. T2; CTR3
vs. T3; CTR4 vs. T4) of the same treatment group (CTR1 vs CTR 2 vs CTR3 vs CTR4 and T1 vs T2
vs T3 vs T4), as well as between different pairs and treatments (CTR1 vs CTR 2 vs CTR3 vs CTR4
vs T1 vs T2 vs T3 vs T4). The significant results of these comparisons are reported in S5,
Supplementary Material.

Correlation analysis (Table 6) between THI and AIDInsr revealed a significant negative correlation
for AIDIs in the CTR group only (p < 0.001) (see S8 to S10, Supplementary Material). The linear
model results (Table 7) confirmed a significant general effect of THI on AIDIs, although the
interaction with the treatment group (CTR/T) was not significant (p = 0.078). No significant THI
effects were found for AIDIy and AIDIF.
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Table 5. Average individual BW, ADG, AIDIy s r and FCR of beef bulls of the Control and Test groups.

(MeantSD)ctr  (Mean+SD)r  p-value

BW, kg
do 282.00+£66.27  281.38+64.09 0.966
diso 513.26+£51.72  513.42+62.07  0.990

daio 619.72+£56.84  616.76+56.98 0.454

ADG, kg/day
tl 1.330+0.241 1.358+0.251  0.626
t2 1.196+0.383 1.191+0.362  0.958

overall  1.293+0.233 1.282+0.246  0.857

AIDIy, kg

tl 0.915+0.357  0.838+0.371  0.353
t2 1.203+0.304 1.086+0.240  0.227
AlIDIs, kg

tl 0.473+0.220  0.469+0.234  0.943
t2 0.908+0.266  0.637+0.200  0.002
AIDIF, kg

tl 9.449+1.675  10.478+1.632  0.007
t2 10.150+2.308  11.882+2.416 0.044
FCR, kg/ kg

tl 7.073£1.158  7.647+1.312  0.054
t2 8.860+2.386  10.666+3.374 0.023

overall  7.752+1.611 8.356+1.416  0.049

BW — body weight; ADG — average daily gain; AIDIy — average individual daily hay intake; AIDIs — average individual
daily straw intake; AIDIr — average individual daily feed intake; FCR — feed conversion ratio; CTR — control group; T—
test group, dy - trial start day, d;so — diet shift day (fattening to finishing); d2i0 — slaughter day; t1 — fattening phase;, t2

— finishing phase; overall — total trial period; SD — standard deviation; p-value threshold for significance = 0.05
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Table 6. Correlations of THI x AIDIy s F for beef bulls in the Control and Test groups.

AlDIgsrxTHI CTR T  p-valuectrr p-valuer

AlDIy -0.14 -0.03 0.34 0.86
AlDIs -0.56 -0.23  <0.001 0.11
AlIDIr -0.05 -0.13 0.75 0.36

AIDIy — average individual daily hay intake; AIDIs — average individual daily straw intake; AIDIr — average individual
daily feed intake; THI — temperature humidity index; CTR — control group; T — test group; p-value threshold for
significance = 0.05

Table 7. Interaction model results for THI x AIDIy s r for beef bulls in the Control and Test groups.

Intake THI x p- p- p-valuerh
_ Intercept THI  Group

variable Group valuetnr  valuegroup Group

AIDIx 1.11 <-0.01 -0.25 <0.01 0.682 0.488 0.689

AIDIg 1.37 -0.01  -0.50 0.01 <0.001 0.043 0.078

AIDIg 10.23 -0.01 2.06 -0.01 0.599 0.292 0.684

AIDIy — average individual daily hay intake; AIDIs— average individual daily straw intake; AIDIr — average individual

daily feed intake; THI — temperature humidity index; p-value threshold for significance = 0.05

4.3.3 Haematological analysis

Analysis of the (%) changes in haematological parameters between do and d»1o revealed significant
differences between the two groups (Table 8). The reduction in WBC (10 cells/uL) was greater in T
than in CTR (p=0.035). The RDW (%) increased in T but decreased in CTR (p =0.035). The increase
in MPV (fL) was smaller in T than in CTR (p = 0.034). No significant differences were observed for

the changes in any of the other haematological parameters.
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Table 8. Changes in haematological parameters [(d210-do) %] for beef bulls (n = 48) in the Control

and Test groups.
Parameter (Mean£SD)ctr  (Mean+SD)r p-value
WBC, 103 cells/uL -22.14£18.78  -32.92+13.42 0.035
RBC, 10° cells/uL -8.5149.05 -6.30£11.99  0.523
HGB, g/dL 13.70+11.37 16.32+12.07  0.470
HCT, % 19.96+12.53 22.25+¢13.85  0.575
MCV, fL 31.01£7.10 30.94£7.26 0.876
MCH, pg 24.44+9.23 24.334£9.82 0.846
MCHC, g/dL -4.87+5.94 -4.71+4.44 0.916
CHCM, g/dL -5.31+£3.35 -3.50+3.09 0.073
CH, pg 23.58+6.51 26.37+£8.36 0.233
RDW, % -1.96+10.38 4.28+8.31 0.035
HDW, g/dL -10.59+19.54 -2.82+8.01 0.149
PLT, 10° cells/pL 41.09+63.30 0.10+£68.83 0.876
MPV, {L 26.70+27.07 10.51£27.87  0.034
Neut, 103 cells/uL -7.61£34.57  -24.19+£26.88  0.085
Lymph, 10% cells/uL  -28.09+20.03  -36.30+15.52  0.138
Mono, 10% cells/uL ~ -26.83+64.94  -23.56+49.53  0.534
Eos, 10° cells/uL 79.61£13.78 69.59+52.73  0.519
Baso, 10° cells/uL -32.98+66.53  -51.34£28.78  0.503
LUC, 10° cells/uL Inf -24.20+58.60  0.181

WBC — white blood cells; RBC — red blood cells;, HGB — haemoglobin, HCT (%) — haematocrit (percentage); MCV —
mean corpuscular volume;, MCH — mean corpuscular haemoglobin; MCHC — mean corpuscular haemoglobin
concentration;, CHCM — Cellular Haemoglobin Concentration Mean; CH — Cellular Haemoglobin; RDW (%) — Red Cell
Distribution Width (percentage); HDW — Haemoglobin Distribution Width; PLT — Platelet Count; MPV — mean platelet
volume,; Neut — neutrophils; Lymph — lymphocytes; Mono — monocytes, Eos — eosinophils; Baso — basophils; LUC — large
unstained cells; CTR — control group; T — test group, SD — standard deviation; p-value threshold for significance = 0.05

The comparison of haematological parameter mean values between the CTR and T groups at do and

d>10 are provided in S6, Supplementary Material.
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4.3.4 MALDI-TOF analysis

The MALDI-TOF results are reported in S7, Supplementary material. The serum protein profile
reported stands within the 400020000 m/z range. A total of 112 peaks were detected, and no
significant differences were observed between the groups for any of the serum profile peaks within
the range considered.

4.4 Discussion

The innovative use of the agro-industrial by-product proposed in the present study aligns with
contemporary agricultural practices aiming to prioritize sustainability and resource efficiency [36].
Through the employment of HS as a feed ingredient in beef cattle nutrition, our study aimed to verify
the possibility of repurposing this by-product from the food supply chain, currently classified as
waste, as supported by research demonstrating its antioxidant and antimicrobial properties [37,38].
To this end, HS inclusion in the test diets was performed alongside a reduction in the feed’s corn and
barley content [39,40].

The T feeds used in both phases (fattening and finishing) were particularly enriched in terms of EE
and fibre (namely NDF and ADF), showing higher mean values than the CTR feeds. The
compositional differences can be attributed to the dietary inclusion of HS, in line with the chemical
composition of the latter (S2, Supplementary Material) and previous findings [11,41]. This outcome
is important to discuss in terms of the feed intake results and emphasizes how HS significantly
enhanced the feed’s nutritional matrix, even with a modest inclusion rate (8% of total feed
composition), thus underlining the by-product’s potential technological and functional values in cattle
diets.

Focusing on the oxidative status, the T feeds used in both phases contained higher levels of
polyphenols (Table 3) — bio-active compounds with a well-documented antioxidant effect [42,43,44].
Contrary to other findings in the literature, this enrichment was not mirrored in the TBARS assay
results (Table 4), which did not detect any differences between groups in terms of the oxidation levels
of the feeds’ lipidic fraction [45]. Nonetheless, this outcome was not unexpected since the feed
concentrates were freshly prepared on the farm every two weeks, thus stored for relatively short
periods (less than 2 weeks on average), with the deliberate intention of providing the animals with
the freshest product possible. More importantly, this finding implies that a significant fraction of the
antioxidant potential of HS polyphenols may have been directly transferred to the animals through
the diet. These findings position HS as a promising tool to enhance the stability and nutritional value
of cattle diets, which is particularly relevant given the central role of lipid oxidation in limiting feed

quality and shelf-life within the livestock sector [46,47].

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato . Ministero . .
dall'Unione europea 2% dell'Universita Italiadomani

IANO NAZIONAI

NextGenerationEU * e della Ricerca B PREaA CRESItIENZA

With regard to animal performances, no differences were found between the two groups in terms of
BW or ADG. However, HS inclusion modulated the feed and straw intake patterns. Individuals of the
T group presented lower AIDIs at t2 and when considering the whole trial period and greater AIDIr
for the whole trial period than those belonging to CTR, ultimately leading to a less favourable FCR
for the T group (Table 5). Various considerations can be made from these results. First, the HS
inclusion did not negatively impact feed palatability. However, as HS have been characterized for
their high content of tannins [48], widely known for their astringent effect which can negatively
impact feed intake [49], we had expected to see a possible negative effect of HS inclusion on
palatability. Instead, our finding aligns with those from previous research which showed that tannin
supplementation below 2% of dietary DM does not affect feeding behaviour or ADG [50]. Given that
the TPC values measured in the feeds of both trial phases (t1 and t2, see Table 3) were below this
threshold, it is reasonable to deduce that the tannin levels were also within a safe range, explaining
the absence of any negative effect on AIDIr. Moreover, considering that the HS employed were
collected after industrial roasting in confectionary plants, it is possible that the thermic treatment
could have contributed to lowering the antinutritional factors naturally present in raw HS [51].
Second, the different feeding behaviours exhibited by the two groups, with animals of CTR group
consuming greater quantities of straw and lower amounts of feed than those in the T group, can be
attributed to the HS chemical profile, specifically to their notable fibre fraction. In fact, one of the
factors affecting feed intake in ruminants is the physical limitation of rumen fill, directly influenced
by the amount of NDF consumed relative to body weight [52]. Animals in the T group, having
ingested larger quantities of feed with a higher NDF content than CTR feed, were consequently less
inclined to consume the forage portion of the ration.

These results highlight a potential strategic role of HS in beef cattle nutrition. The sector is, in fact,
characterized by feeding strategies primarily based on concentrate feeds, often at the expense of the
forage fraction. While the primary aim of such plans would be to maximize growth performance, they
also predispose the animals to metabolic disorders such as ruminal acidosis [53,54]. In this context,
the capacity of HS to enrich the feed with structural fibre would not only constitute a nutritional
adjustment but it would also represent a novel solution to mitigate one of the sector’s most costly and
persistent issues. Further research should, therefore, assess whether the increased fibre content
resulting from HS inclusion could make a significant contribution to reducing the risk of acidosis and
related metabolic disorders in beef cattle.

Third, the higher fibre content of the T feed might have also impacted the FCR. Animals in the T

group required more feed per unit of weight gain compared with those in the CTR group during the
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t2 phase (p = 0.023), which likely influenced the FCR calculated for the entire trial (p = 0.049) (Table
5). These findings are consistent with previous research on lambs fed with HS-enriched diets [55].
Despite the iso-energetic formulations of the T and CTR diets, the higher fibre content of the T feed
likely resulted in a lower energy density per volume unit. Hence, despite providing the same amount
of energy per unit of weight, the T feed had a different energy:volume ratio, explaining the greater
AIDIr compared with CTR feed. This result, considered in parallel with the equivalent BW values
recorded for both groups, ultimately led to a higher FCR in the T group. The discrepancy between the
potential benefits of the T feed on the ruminal environment and the less favourable FCR observed in
the T group underscores a key limitation of using FCR as a sole indicator of production efficiency, as
it does not account for the nutritional quality of the feed, nor for the human-edible portion or value
of the resulting product [56,57]. Therefore, although the difference in FCR between the two groups
is significant, its practical relevance in the context of beef production should be interpreted with
caution. To determine whether this variation truly reflects a less efficient production model, broader
evaluations are necessary, such as economic and sustainability assessments, as well as aspects related
to market positioning and consumers’ sensory and perceptual responses to the product [58,59].
Finally, performance differences between the two experimental groups may also be linked to
variations in the ruminal microbiome. Paz et al. [60] reported that up to 20% of the variation in
production and efficiency traits in beef cattle (e.g., AIDIr, ADG and FCR) can be attributed to
microbiome differences [61]. Not only have HS been reported to present in vitro antimicrobial
properties, but one of the product’s main classes of bioactive compounds, tannins, is receiving
growing attention from the scientific community due to its potential role in modulating the ruminal
microbiome, particularly with respect to methanogenic bacteria [62]. Based on these findings, future
studies should explore the impact of HS inclusion on the composition and functionality of the rumen
microbiota, as well as its potential effects on methane emissions.

Regarding the animals’ health status, haematological parameters recorded at both time points were
consistent with a physiological status [63]. Of the most relevant differences detected between the two
groups (Table 8), the T group showed a more pronounced reduction in WBC count (p = 0.035) as
result of a cumulative decrease in both neutrophils and lymphocytes. Although these reductions were
not significant when assessed individually (S6, Supplementary Material), their combined effect may
have driven the overall variation in WBC. The greater reduction in WBC in the T group may be linked
to the HS phenolic content, the antioxidant properties of which have been reported to reduce oxidative
stress and modulate immune cell recruitment [64,65,66]. Given that all values remained within

physiological ranges, this effect could reflect an improved systemic homeostasis rather than an
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impairment of immune function. In parallel, MPV values presented a greater increase in the CTR
group than in the T group. Since MPV reflects platelet activation and reactivity, this pattern suggests
that animals fed HS had a lower systemic level of platelet activation which, according to literature,
could be attributed to their phenolic content [67]. Future analyses should assess the functional activity
of neutrophils as well as quantify them to understand the immunological implications of such shifts
better. The combined WBC and MPV findings suggest a possible modulatory role of HS bioactive
compounds on inflammatory and oxidative processes, which require further targeted investigation.
Concerning RDW (%), despite the differences detected at do, both T and CTR groups showed similar
erythrocyte profiles by dz10, indicating a convergence in red blood cell characteristics over time [68].
These results, together with the MALDI-TOF evaluations, suggest that dietary inclusion of HS does
not negatively affect the animals’ blood parameters, nor does it appear to introduce any major
alterations in the serum proteomic profile, at least within the analytical m/z range considered in the
present study.

Potential limitations of the study could be attributed to the HS inclusion level. The value (8%) was
chosen following the “principle of precaution”, due to the lack of literature on the matter. However,
on the basis of our results, in future trials it would be advisable to explore the effects of varying HS
inclusion levels in cattle diets to better define its optimal application. In this context, it is particularly
noteworthy to report the findings of a similar nutritional study by Renna et al. [11]. In their trial,
Valdostana Red Pied dairy cows were divided into two dietary groups (CTR and T), with the test
group receiving a diet containing twice the HS inclusion level used in our study (16%). Their results
showed a reduction in feed intake in the T group compared with the CTR group. Determining the
optimal rate of inclusion will require balancing potential drawbacks such as reduced feed intake with
the advantages of repurposing a by-product that would otherwise go to waste, thereby enhancing
circularity in the sector.

A major limitation of this study can be attributed to the differences among replicates in terms of age
and BW at do (see S4 and S5, Supplementary Material). Additionally, the staggered entries of the
replicate pairs into the trial at four different times of the year could have played a role in the results,
as highlighted by the FCR differences among replicates (see S5, Supplementary material).
Nonetheless, it should be considered that the heterogeneity observed in the study sample is primarily
due to the commercial nature of the setup where the trial was conducted, which needed to
accommodate economic and management necessities. On the other hand, the commercial nature of
the environment where the trial was conducted allowed us to explore the effects of the HS inclusion

in a real-world scenario. This characteristic should also, therefore, be considered a strength of the
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study. The long duration of the trial is also a strength, being (to the best of the authors’ knowledge)
one of the longest involving beef cattle reported in the current literature in the field of cattle diet
sustainability.

4.5 Conclusions

This study aimed to assess the implications of HS inclusion in beef cattle diets in view of the
principles of circular economy. A key result was the significant boost in the TPC levels of the T diets,
reporting values nearly three times greater during the fattening phase and twice as high during the
finishing phase compared with CTR diets. This enhancement could present potential positive
implications for the feed’s nutritional profile and should be the focus of future investigations, both in
animal and human nutrition.

At the same time, our results indicate that incorporating hazelnut skins into ruminant diets did not
compromise growth performance or overall health. Hence, the present study supports the viability of
using hazelnut skins as a circular feed ingredient with the scope of improving the sustainability of the

food supply chain.
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Abstract

Hazelnut skins (HS) are an agro-industrial by-product of hazelnut confectionery industries characterized by
high fiber content, healthy unsaturated fatty acids, and a notable phenolic fraction, making them promising
candidates as alternative feed ingredient in livestock nutrition. The present study evaluated the effects of
dietary HS inclusion on slaughter performance and meat quality in young bulls of Piemontese breed, whose
derived products are protected under a designation of origin certification. Eighty bulls were allocated to a
control (CTR) or test (T) group (n=40/group), the latter receiving HS at 8% of the concentrate on an as-fed
basis, partially replacing coarse corn meal and barley. Animals were slaughtered at an average age of 491+46
days. Live weight at slaughter and hot carcass weight were recorded and dressing percentage calculated.
Longissimus thoracis et lumborum samples were collected from 48 carcasses and analyzed for physico-
chemical traits, namely ribeye area and perimeter, pH4, proximate composition, haeme-iron content, color and
myoglobin redox forms, water holding capacity, instrumental measurement of texture by Warner-Bratzler
shear force and texture profile analysis, and muscle fiber composition. No differences were observed between
groups for any of the evaluated parameters. Additionally, all values fell within the reference ranges reported
for the Piemontese breed, supporting the feasibility of partially replacing conventional ingredients without
compromising performance and qualitative characteristics of standardized production systems. Therefore,
hazelnut skin inclusion in concentrate diets represents a viable and sustainable strategy to valorize agro-

industrial by-products within beef production systems, contributing to circular economy principles.

Keywords: Agro-industrial by-products; hazelnut skins; feeding strategies; Piemontese cattle; meat quality;

fibers profile
Highlights:
e Hazelnut skins can represent a sustainable raw feed material for beef
e Piemontese bulls were fed diets with 8% hazelnut skin inclusion
e Dietary treatment did not affect slaughter performance nor meat quality
e All results were in line with the breed’s standard values

e Findings actively contribute to varied literature on agro-industrial by-products
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5.1 Introduction

Higher levels of sustainability, product quality and animal welfare are only some of the public’s
growing demands affecting the European beef market in the last years (European Commission,
2025a). To address these issues, a combination of policy measures and research initiatives is currently
being implemented, including those whose results are the focus of this study (European Commission,
2015, 2020a, 2025b; EFSA Panel on Animal Health and Animal Welfare (AHAW) et al., 2025).
Animal farming is known to deeply impact the environment and its resources throughout its entire
supply chain, with feed production representing one of the most demanding areas of the sector
(Sekaran ef al., 2021). Depending on the production system, feed can account for 55-75% of the
climate-change impact (Vastolo et al., 2024), with livestock annual feed intake accounting for ~60%
of the total food and feed combined biomass (Mottet et al., 2017). Feed production is also a major
driver of freshwater consumption, with irrigation strongly affecting freshwater consumption and feed
production often accounting for more than 90% of water consumption in livestock and poultry
systems(Boulay et al., 2021). Economically, feed is the largest single cost item in livestock
production, representing roughly 60—85% of annual cost inputs, depending on species (Pinotti et al.,
2021).

To improve the sustainability of livestock production, increasing attention has been devoted to
nutrition-based strategies, particularly those assessing alternative feed materials (Halmemies-
Beauchet-Filleau ef al., 2018). One major branch consists of studies focusing on the implementation
of dietary solutions capable to reduce methane production (Angellotti ef al., 2025), while others seek
alternatives to raw materials whose production exerts significant environmental pressure, such as
maize, barley, soy and wheat (Arcanjo et al., 2022; Suriyapha et al., 2022a; Srikanthithasan et al.,
2024; McGee et al., 2025). Often, the search for alternative feed materials is conducted among by-
products of the food industry, such as fruits and vegetables peels, brewing by-products, and nut-
processing residues (Alasalvar et al., 2025; Fernandes and Silva, 2025; Haider et al., 2025). From a
nutritional perspective, these products could substitute fibers, fat and proteins, although no
substitution can be considered identical. Therefore, the nutritional quality of products derived from
animals fed with alternatives to traditional feed materials can be altered, as well as the acceptance
from consumers (Altmann et al., 2022; Renna et al., 2022; Pinotti et al., 2023).

In this framework, hazelnut skins (HS), a by-product of the hazelnut industry, have recently emerged
as a promising alternative feed ingredient thanks to their high availability and distinct nutritional
profile (Campione et al., 2020). The HS availability can be primarily attributed to their ready-to-use

nature, as they naturally detach from the kernel during the roasting process, and are also routinely
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collected separately from any other by-product of the supply chain, reducing the necessity for
additional processing steps before their employment as feed. Additionally, although HS account for
only 2.5% of the total hazelnut weight (~2 g per nut) (Ozdemir and Akinci, 2004), their absolute
availability becomes substantial when considered against the scale of global hazelnut production,
which exceeded 1 million tons in 2024, and of which more than 150,000 tons were produced within
the European Union alone (FAOSTAT, 2024). This translates into considerable volumes of HS
requiring disposal or valorization, making their inclusion in animal feed an attractive waste-
management solution.

The nutritional profile of HS is characterized by high levels of fibers, unsaturated fatty acids, and
polyphenols, whose predominant class is represented by tannins. The HS’ tannic content imparts an
astringent flavor, rendering the product unsuitable for human consumption and leading to its
classification as waste (Alasalvar, Hoffman and Shahidi, 2009). On the other hand, this same
compositional characteristic limiting their employment in food is also responsible for their growing
relevance in animal nutrition research, as the HS polyphenolic content is among the highest within
nut-derived products, exhibiting in vitro antimicrobial and antioxidant activities (Capaldi et al., 2025).
Although their application in animal feeding strategies is relatively recent, HS has already been
investigated in different livestock species. These include beef and dairy cattle, lambs, and pigs, with
species-specific research objectives, such as milk production and quality (Renna et al., 2020),
modulation of meat fatty acid composition (Musati ef al., 2024a), meat quality and taste (Bolletta et
al., 2024) or health-related outcomes (Boccardo et al., 2026), often in combination with other dietary
interventions.

Therefore, HS represent a waste product originating from a supply chain relevant both within the food
and the agro-industrial sectors, but also an emerging alternative to conventional raw feed materials,
in line with a growing body of literature. The present work is part of a larger project aiming at re-
evaluating HS from waste into a new raw feed material for beef cattle, actively tackling livestock’s
environmental impact and waste production along the food production chain. While results related to
effects of HS inclusion on the oxidative stability of the feed, and on beef bulls’ in vivo performance
and health status are reported in Diaz Vicuna et al. (2025), the present study aims to evaluate the
effects of HS dietary replacement of corn and barley on the slaughter performance and physico-
chemical meat quality traits of beef cattle, including muscle fiber profile, a key determinant of overall
meat quality. Bovine skeletal muscle contains three major fiber types: slow oxidative (SO, MyHC 1),
fast oxidative glycolytic (FOG, MyHC Ila), and fast glycolytic (FG, MyHC IIx) fibers (Chikuni,
Muroya and Nakajima, 2004; Oury et al., 2010). The relative distribution of the muscle fibers strongly
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influences postmortem metabolism, meat color, and tenderness (Pallaoro ef al., 2025). Considering
the potential impact of dietary strategies and alternative feed ingredients on muscle fiber composition
is therefore important for maintaining product standards and consumer acceptance in high-value beef
production systems.

Our findings are expected to further contribute to the re-evaluation of a by-product of the hazelnut
industry, while ultimately improving the overall sustainability of the livestock industry.

5.2 Materials and methods

All procedures involved in this study received approval from the Bioethical Committee of the
University of Turin (protocol no. 0513042, 03/10/2022), in compliance with the European Union
legislation on the protection of animals used for scientific purposes (Directive EU/63/2010) and
adhere to ARRIVE guidelines.

5.2.1 Animals, diet, and experimental design

The experimental design of this study has been described in detail by Diaz Vicuna et al. (2025). Key
elements are briefly reported below.

An experimental trial involving 80 Piemontese beef calves with average initial live weight (LW) of
282+ 65 kg and average age of 225+48 days was conducted on a commercial farm specialised for
Piemontese beef production located in Rivoli (TO) (North-West Italy) between June 2023 and
October 2024.

The animals were allocated to two dietary groups: control (CTR) and test (T), with 40 animals per
group. Each group was further divided into 4 replicates of 10 animals each. Animals were introduced
into the trial gradually over a six-month period and in pairs of replicates belonging to the two dietary
treatments. Specifically, the first two pairs of replicates (CTR1-T1; CTR2-T2) were introduced in
June and July 2023, respectively; the last two pairs (CTR3-T3; CTR4-T4) were introduced in October
and December 2023. The timing was staggered to account for potential seasonal variation in
environmental temperature and humidity. By introducing each pair of replicates (one CTR and one
T) simultaneously, the dietary treatment groups were always exposed to identical seasonal conditions.
The dietary plan presented a 5-months fattening phase, followed by a 2-months finishing one, each
constituted by a specific diet formulated in line with the general NRC guidelines (National Research
Council, 2008). Both the CTR and T groups were fed iso-energetic and iso-nitrogenous diets,
consisting of a forage fraction and a concentrate component (fattening or finishing feed, depending
on the trial phase). The HS were incorporated into the concentrate at 8% (as-fed basis). In the fattening
phase, this inclusion replaced coarse corn meal and barley (7.4% and 0.6%, respectively), whereas in

the finishing phase HS replaced coarse corn meal entirely (8%). Before their inclusion in the dietary
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formulations, the HS employed underwent no processing other than the industrial roasting required
for kernel separation. Details of the feeds” composition and nutritional characteristics, as well as

animals’ in vivo performance, are reported in Diaz Vicuna et al. (2025).

5.2.2 Slaughter procedure and carcass measurements

All slaughtering procedures were conducted in compliance with Reg. 1099/2009/EC on the protection
of animals at the time of killing. At the end of the feeding trial, all animals were fasted 12 h then
weighed and transported with a small trailer to slaughterhouse (distance 100 m), registered in
accordance to Reg. 852/2004/EC and Reg. 853/2004/EC. The animals were stunned with a non-
penetrating captive bolt pistol, then exsanguinated by severing carotid arteries and jugular veins. The
animals of each pair of replicates (CTR-T) were slaughtered in parallel at the end of the 7 months of
in vivo trial.

At slaughter, the animals’ average age and live weight were 491+46 days and 426+42.9 kg,
respectively (Diaz Vicuna ef al., 2025).

After slaughter, carcasses were weighed before cooling, then split longitudinally into two halves and
immediately chilled at 4°C for 24h.

Dressing percentage was calculated as:

w X 100
LW

Dressing % =

where HCW is hot carcass weight and LWs is the live weight at slaughter.

After 24 h postmortem a ~25 cm section of the Longissimus thoracis et lumborum (LTL) muscle was
excised between the 6th rib and the caudal end of the loin from each left half-carcass. To ensure
comparability between treatments, individuals selected for sample collection were identified to be
representatives of their own replicate in terms of age and at-slaughter live weight, prioritizing
individuals closest to the respective replicate mean values (Diaz Vicuna et al., 2025). The distributions
of these parameters were first assessed for normality, and only animals with values within +1 standard
deviation of the group mean were included, in order to minimize confounding effects of extreme
variability. Sample size was determined through calculation with G-power, leading to the sampling
of 48 left-half carcasses, constituted by twenty-four animals per dietary treatment (6 animals % 4
replicate).

5.2.3 Meat sampling and processing

Meat samples were transported to the Department of Agricultural, Forest and Food Sciences
(DISAFA) of the University of Turin under sterile conditions to prevent pre-analytical alterations.

Samples were stored on wet ice in a temperature-controlled cooler maintained at 4 °C and were not
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vacuum-packaged, in line with the guidelines reported by the EFSA Panel on Biological Hazards
(BIOHAZ) (2014), which prioritize preservation of the cold chain over packaging format. Transport
time did not exceed 15 min, ensuring thermal stability and sample integrity.

Upon arrival at the laboratory, the following procedure was applied to each LTL sample. First, the
caudal end was cut perpendicular to the muscle fiber direction to obtain a steak of approximately 50g
for the histochemical analyses of muscle fiber types, which was immediately vacuum packaged and
stored at -80°C until analysis. The remaining LTL section was weighed (Wq0), and ribeye area and
perimeter, color and pH were measured at the 6" rib level. Samples were then vacuum packaged and
aged at 4°C for 7 days prior to analysis. After ageing, samples were weighed again (Wq7), and purge
loss was determined. From each LTL, three adjacent steaks were excised starting from the cranial end
towards the caudal end. The first one (3 cm thick), was used for proximate analyses and heme iron
content estimation. The second steak (3 cm thick) was used to determine cooking loss (CL) and
Warner-Bratzler shear force (WBsf). The third (2.5 cm thick) was employed for the Texture Profile
Analysis.

5.2.4 Chemical analyses

The ultimate pHzs was determined in LTL at the 6! rib level using a portable pH-meter equipped with
a penetration probe (Crison; model PH25 +). The device was calibrated prior to each measurement
using pH 4.0 and 7.0 buffers, and a temperature compensation was used during measurements.
Measurements for pH were conducted in 3 separate areas of the steak, and the average of these
measurements was reported. Between measurements, the probe was rinsed with deionized water.
The steak destined to proximate composition was trimmed of external connective tissue (epimysium),
homogenized using a Moulinex grinder (Moulinette, DPA141) and divided into two sub-samples.
One sub-sample was used to determine moisture content gravimetrically, based on the difference
between wet and dry weights. Samples were oven-dried to constant weight (125°C, 5 h) according to
AOAC method 950.46 (AOAC, 2000). The dry residue obtained from moisture analysis was
subsequently used for ash determination. Ashing was performed in a muffle furnace at 550°C until
constant white ash was obtained, following AOAC method 920.153 (AOAC, 2000).

The remaining part was freeze-dried (Edwards MF 1000, Milano, Italy) and then analyzed to
determine protein and fat contents. Nitrogen content was determined using the Kjeldahl method
(method 928.08; AOAC, 2000) with a Biichi Distillation Unit K-355 (Flawil, Switzerland), and a
nitrogen-to-protein conversion factor of 6.25 was used to calculate the protein content. The

intramuscular fat content was determined by means of Soxhlet extraction, using a Biichi Extraction
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System B-811 (Flawil, Switzerland) with petroleum ether, according to AOAC method 991.36
(AOAC, 2000). The proximate composition results were expressed as g/ 100 g.

Heme iron content estimation (Fe; pg/g) was determined by measuring the absorbance at 410 nm of
aqueous extracts according to Hudzik (1990). Two grams of ground muscle were weighed using an
analytical scale (£0.010 g) and mixed with 20 g of water. The mixture was homogenized twice for
30s with the Ultra Turrax (approx. 20,000 rpm) and then filtered through a Whatman No. 1 filter
paper to obtain a clear extract. The extracts were then diluted 1:1 and their optical density (OD) was
determined at A =410 nm by using 1 cm quartz-glass cuvette. The heme iron content was determined
by the following formula:

Fe (ug/g) = 10.07 x OD + 0.72

5.2.5 Physical analyses

For ribeye measurements, the LTL area at the 6™ rib level was directly traced on transparent film
with a marker pen, and the tracings were then acquired by an optical-electronic system (Video Image
Analyzer), developed by Pertel Srl, Turin, Italy, in accordance with Barge et al. (1991). For the image
calibration, a ruler marked in cm was placed near the transparent film during the image acquisition.
The software automatically calculated the perimeter (cm) and the ribeye area (cm?) of each digitized
area tracing.

Instrumental color measurements were determined on the freshly cut surface of LTL at three different
locations after 30 min of blooming using a Minolta CM-600d spectrophotometer (diameter
aperture=8 mm) set with the Specular Component Excluded, De¢s light source, 8° viewing angle and
10° standard observer (Konica Minolta Sensing Inc., Osaka, Japan).

Prior to measurement, the device was calibrated using the white calibration cap supplied with the
instrument. The results were expressed according to the Commission International de 1’Eclairage
(CIE) system (CIE, 1977) and reported as lightness (L*), redness (a*), and yellowness (b*), chroma

(C*) and hue angle (h°). The parameters C* and h® were calculated as follows:

¢ = J@ 15D

and:

b*
h° = tan™?! (—)

*

High values of Chroma and hue angle indicate a more vivid color and a less red color, respectively.

Reflectance (R) values at 473, 525, 572, and 700 nm were used to calculate reflex attenuance (A) as:
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Percentages of myoglobin forms (deoxymyoglobin — DMb, oxymyoglobin — OMb, and
metmyoglobin — MMb) were then calculated using the following equations (Krzywicki, 1979):

(A572 — A700)
(A525 — A700)

MMb = {1.395 - X 100}

(A473 — A700)
(A525 — A700)

Mb = {2.375 X [1 - X 100}

OMb = 100 — [%MMb + %DMb]

where A is the reflex attenuance index and R is the reflectance of a given wavelength expressed in
decimal form.
Considering the water holding capacity, purge loss (PL), and cooking loss (CL) were evaluated.

The PL was calculated through the following formula:

Way (g))

PL (%) = 100x(1— e

where Wy7 refers to the sample weight measured on d7 (after ageing) and Wqo refers to sample weight
on do (prior to ageing).

For CL, each steak (average weight =150 g) was sealed in a polyethylene bag, put in a water bath set
and maintained at a temperature of 80 °C and then cooked to an internal endpoint temperature of 71
°C. The sample cooking temperature was monitored with an iron-constant Type-T thermocouple wire
inserted into the geometric center of the sample. The cooked samples were immediately cooled in a
circulatory water bath set at 18 °C for 30 min to reach a core temperature below 20 °C, removed from

the bags, blotted and then re-weighed to determine CL according to the following formula:

We(g)
W, (gg))

where W, indicated the weight of the cooked sample, and W indicated the weight of the raw sample.

CL (%) = 100x(1 -

Once the CL was measured, the steaks were placed in a single layer on a plastic tray with PVC
overwrap and stored at 4°C overnight.

Instrumental meat tenderness was evaluated following AMSA guidelines (AMSA, 2015). From the
steaks used for CL determination, at least six cross-section cores of 1 cm? were removed parallel to
the muscle fiber orientation. The cores were sheared perpendicular to the muscle fiber orientation by

using an Instron (Model 5543, Instron Corp. USA) equipped with a Warner-Bratzler shear device.
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The cutting was perpendicular to the longitudinal orientation of the muscle fibers; each strip was 30
mm long, and with a 10 x 10 mm square cross-section area. The Warner Bratzler shear force (WBsf;
N) was measured as the maximum force required to shear the core at a crosshead speed of 200
mm/min. Low shear force values indicate a more tender meat. In addition, from the WBsf curve, shear
firmness (SF; N/s), as the slope of the line drawn from the origin of the curve to the maximum peak
force was calculated. Higher shear firmness values correspond to lower elasticity and indicate tough
meat (Brady and Hunecke, 1985).

Texture measurements were conducted on raw meat as described by Campo et al. (2000). From each
steak, a minimum of 6 strips were cut. Each strip presented a square cross-section (1.0 x 1.0 mm)
with muscle fibers parallel to the longitudinal axis. The strips were placed in a modified compression
device that prevented transverse elongation during testing. Compression was applied perpendicular
to the muscle fiber direction using a square, flat-ended plunger (1.0 x 1.0 mm) at a probe speed of
200 mm/min. Each sample underwent two compression cycles corresponding to 20% and 80% of
maximum compression, using the same probe attached to an Instron universal testing machine (Model
5543) equipped with a 100 kg load cell. The maximum load compression at 20% and 80% reflect the
toughness of muscle fibers and connective tissue, respectively (Lepetit and Culioli, 1994). Analysis
of the force-time curve led to the following textural parameters. Hardness is the peak force during the
first compression cycle (“first bite”). Cohesiveness is the ratio of the peak force area during the second
compression to the peak force area during the first compression. Springiness is the height that the
meat recovers during the time elapsed between the end of the first compression and the start of the
second compression. Gumminess is the product of hardness and cohesiveness. Chewiness is the
product of gumminess and springiness (Bourne, 2002).

5.2.6 Histochemical analysis of LTL muscle fiber types

In the present study, fiber typing was performed using the succinate dehydrogenase (SDH)
histochemical reaction, which stains SO fibers dark blue, FOG fibers light blue, and FG fibers light
blue-gray. Muscle biopsies (1 cm?) were embedded in Killik OCT (Bio-Optika, Milan, Italy) and
snap-frozen in isopentane cooled to —80 °C in liquid nitrogen. Cryosections (8 pm) were cut using a
MICROM HM 505E cryostat, rinsed in distilled water, and incubated for 1 h at 37 °C in the dark in
a saline solution containing sodium succinate and nitro-blue tetrazolium (Sigma-Aldrich, Milan,
Italy). Sections were rinsed again in distilled water and mounted in glycerol (Sigma-Aldrich, Milan,
Italy). For each animal, ten microscopic fields were acquired at 20x magnification using an Optika

B-1000 optical microscope (6 Vdc 2.5A — XLEDS, Ponteranica, Italy) (Castrica et al., 2024a). Images
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were analyzed with Optika ProView x64 software. A total of 300 fibers was evaluated and classified
into SO, FOG and FG according to staining.

5.2.7 Statistical analyses

Before analysis, all data were tested for normality of residuals using Shapiro—Wilks test, and
homogeneity of variance with Levene's test.

Data related to slaughter performance were analyzed in R studio (version 4.3.2), and the
determination of differences among the two groups was conducted through a two-sample t-test when
both assumptions were met, and a non-parametric Wilcoxon rank-sum when violated.

Statistical analyses for all the chemical and physical traits studied were carried out using the linear
mixed-model procedure of SPSS (version 30.0.0.0 172) with treatment as fixed factor, and pen and
date of slaughter as random factors. Means were separated based on least-square mean, and all
pairwise comparisons were carried out using Bonferroni method.

Statistical analysis of the histochemical results was performed by PRISM - GraphPad (version 9.5.1,
Dotmatics, San Diego, CA, USA). Data were analyzed using the Mann-Whitney U test to compare
CTR and

T groups. Differences were considered significant at the 5% level (P<0.05).
5.3 Results

5.3.1 Slaughterhouse Measurements: Live Weight, Carcass Weight and Dressing Percentage

Neither CW, nor dressing % presented significant different values between the two dietary groups
(Table 1).

Table 1. Means and standard deviation of animal live weight and carcass traits of young bulls fed
inclusion of hazelnut skin.

Treatments!

Variable P-value?
CTR T

Age at slaughter, days 481+42 502+49 0.057

Live weight at slaughter, kg 619.7+56.8 616.8+57.0 0.454
Hot carcass weight, kg 433.30+31.84 423.69+45.67 0.313

Dressing, % 69.39+4.06 68.67+3.54 0.166

CTR — Control group; T — Test group
! p-value: differences were considered significant at p<0.05.
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5.3.2 Meat quality evaluation

No significant differences were observed between the dietary groups for any of the measured
chemical (Table 2) and physical (Table 3) meat quality traits.
Table 2. Least squares means for the effect of dietary inclusion of hazelnut skin on chemical

characteristics of beef.

Treatments!
SEM P-value?

CTR T
Ultimate pHo4 5.55 5.52 0.027 0.197
Water, % 75.72 75.66 0.222 0.797
Protein, % 22.02 22.09 0.197 0.655
Ether extract, % 0.69 0.66 0.123 0.579
Ash, % 1.14 1.12 0.018 0.221
Heme iron, pg/g 12.2 11.8 1.017 0.567

CTR —Control group; T —Test group; SEM — standard error of the mean,
! p-value: differences were considered significant at p<0.05
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Table 3. Least squares means for the effect of dietary inclusion of hazelnut skin on physical

characteristics of beef.

Treatments’
Variable SEM P-value?
CTR T
Ribeye area, cm®>  61.0 62.6 6.290 0.580
Ribeye perimeter, ) 31.4 1.681 0.330
cm
Lightness (L¥)  42.0 41.6 2.048 0.662
Redness (a*) 16.8 15.5 1.282 0.050
Yellowness (b*) 15.6 15.1 1.318 0.466
Chroma (C*) 23.0 21.8 1.429 0.143
Hue angle (h°) 42.6 44.0 2.667 0.440
D lobi
%eoxymyog obin, 44 19.9 12.061 0.590
Oxymyoglobin,% 63.3 65.0 4.795 0.759
Metmyoglobin, %  12.3 15.1 4.992 0.423

L* is the lightness on a scale of 0 (black) to 100 (white); a* is the redness that spans from +60 (red) to -60 (green); b*
is the yelloness that spans from +60 (yellow) to -60 (blue); SEM — standard error of the mean.

! Treatments were: control diet (CTR); diet containing 8% of hazelnut skin (T).
2 P-value: differences were considered significant at £<0.05.
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Table 4. Least squares means for the effect of dietary inclusion of hazelnut skin on texture

characteristics of beef.

Treatments’
Variable SEM P-value?
CTR T
Purge loss, % 1.75 1.50 0.339 0.242
Cooking loss, % 21.4 21.1 1.741 0.783
Warner-Bratzler 4 522 7.585 0.621
shear force, N
Shear Firmness, 4 18.4 4.674 0.402
N/s
Hardness 20%. N 12.6 122 1.702 0.767
Cohesiveness
0% s 0.27 0.26 0.104 0.684
: 0
Springness 20%, ) (g 0.63 0.118 0.433
ratio
5 1)
S“mmmess 20%. 54 32 1312 0.593
: 0
Iihewmess 20%, 54 18 1211 0.485
Hardness 80%, N 29.9 29.0 3.186 0.621
Cohesiveness
S00% s 0.12 0.11 0.056 0.691
: 0
Springness 80%, | 4 1.09 0.112 0.731
ratio
5 1)
g“mmmess 80%. 14 3.0 1.535 0.098
: 0
Iihewmess 80%. ¢, 3.5 3.525 0.475

SEM — standard error of the mean.

! Treatments were: control diet (CTR); diet containing 8% of hazelnut skin (T).
2 P-value: differences were considered significant at P<0.05.
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5.3.3 Histochemical evaluation of LTL muscle fiber types

Comparative analysis revealed no significant differences in muscle fiber composition among the CTR
and the T groups, with similar proportions of SO (p=0.82), FOG (p=0.39), and FG (p=0.39) fibers
(Figure 1).

E] Fibers typing

1oy so FOG
80

FG

60
40

20

0

Figure 1. Succinate dehydrogenase (SDH) reaction. A: graphs related to the quantification of

different fiber type.
CTR: control group (black column); T: test group (grey column). Results are shown as Mean+SEM.

B: representative SDH reaction for the control group; C: representative SDH reaction for the treated
group Red star: SO fiber; blue star: FOG fiber, yellow star: FG fiber. Scale bar 50um.

5.4 Discussion

When assessing new alternative feed ingredients, investigating potential effects on animal health,
performance, and quality of derived products represents a crucial step for further ensuring their
suitability. While in vivo assessments with HS as feed ingredient have already been conducted in
various species and overall support its inclusion in livestock nutrition (Campione et al., 2020; Renna
et al.,2020; Diaz Vicuna, Fiorilla, et al., 2025), limited data was available regarding carcass and meat
quality evaluations. Because of this, we chose to discuss our results by considering also nutritional
studies employing other agro-industrial by-products comparable to HS in terms of fiber fractions (e.g.
dried grape pomace), phenolic content (e.g. dried grape pomace, partially destoned olive cake) or
antioxidant capacity (fresh citrus pulp) (Kotsampasi et al., 2017; Tayengwa et al., 2020; Luzardo et
al., 2021; Kokkinomagoulos and Kandylis, 2023).

In our study, no differences were observed among the two experimental groups in terms of carcass
traits, physico-chemical properties, nor muscle fiber composition. Notably, a lack of significance does
not necessarily equate to a lack of biological or practical relevance, depending on the conceptual

framework. In studies evaluating functional feed additives, for instance, the absence of measurable
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improvements is often considered a negative outcome, as their main aim, pursued also to justify the
costs related to their usage, is to enhance feed nutritional properties and ultimately improve animal
health and performance (Arsenos and Giannenas, 2023). On the other hand, the primary objective of
sustainable alternative feed ingredients is to reduce environmental impact and/or feeding costs while
maintaining animal performance and product quality (Vastolo et al., 2024). Within this framework,
equivalence rather than improvement becomes the key evaluation criterion. This perspective is
especially valid in high-value production systems such as Piemontese beef, where consistency and
predictability of carcass and meat quality traits are crucial (Boukha ef al., 2011). Such relevance is
further reflected at the legislative level, as Piemontese meat products are registered among the
Protected Designations of Origin and Protected Geographical Indications as “Vitelloni Piemontesi
della coscia” (European Commission Reg. 2017/703). Altering these attributes might compromise the
ability of beef producers to service existing markets (McGee et al., 2025). Therefore, the present
results will be first discussed considering reference values of the Piemontese breed in general, and
then in relation to similar alternative agro-industrial by-products.

5.4.1 The Piemontese breed

In comparison with the breed average values, our results were in line with threshold defined at
legislative level (Bollettino Ufficiale n. 15 of the 16/4/2009; European Commission Reg. 2017/703),
and with literature findings. Specifically, age and carcass weight resulted in line with the data reported
by Savoia et al. (2019), obtained through a survey conducted on 1327 young bulls fattened in 115
farms of the Piemonte region (north-west Italy). The dressing percentage (69.03%) was also
consistent with values (68.51%) reported by (Brugiapaglia and Destefanis, 2012a).

All values of chemical composition and technological parameters (pH24, color, water holding
capacity, LTL area and texture) were within the typical range reported for the breed, with low
variability across studies (Boukha et al., 2011; Bonfatti, Albera and Carnier, 2013; Renna et al., 2019;
Savoia et al., 2019). Regarding proximate composition, the meat was characterized by a high protein
content alongside a remarkably low-fat percentage, well below 1%. The extremely low intramuscular
fat content is mainly due to the late maturation and the marked muscular hypertrophy due to a genetic
mutation in the myostatin gene (Brugiapaglia and Destefanis, 2012b). The pHz4 values remained
below 5.8 in both groups, the legal acceptance threshold for meat obtained from animals of this breed
(Bollettino Ufficiale n. 15 of the 16/4/2009), and also technological threshold for distinguishing
normal carcasses from dark-cutting ones (Page, Wulf and Schwotzer, 2001). In general, the L*a*b*
values were indicative of a characteristic bright pale red color, typical of cattle with muscular

hypertrophy (Boukha ef al., 2011). In addition, a* values were consistently above 14.5, the threshold
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associated with a significantly high consumer acceptance rate (Forte et al., 2025), confirming its
desiderable cherry-red appearance.

Concerning texture analysis, the WBsf values were slightly above the range typically reported for the
breed, indicating a reduced tenderness (Savoia et al., 2019; Pegolo et al., 2020). Previous research
has demonstrated moderate to strong correlations between WBsf and sensory tenderness scores, as
well as between hardness and chewiness, and perceived mouthfeel (Martinez et al., 2023; Pematilleke
et al., 2022). Therefore, the current instrumental data support the hypothesis that HS inclusion would
not negatively influence consumer acceptance. Nevertheless, instrumental measurements cannot fully
substitute for direct sensory evaluation, as consumer perception integrates multiple attributes within
a complex cognitive framework (Adam, 2021). For this reason, future studies should incorporate
trained sensory panels and/or consumer acceptance tests to determine whether subtle differences
between dietary groups could be detected under real consumption conditions.

5.4.2 Agro-industrial by-product nutritional trials

The lack of differences found between the two groups for the slaughter performance is consistent
with the in vivo data reported in Diaz Vicuna et al. (2025), in line with the well-documented positive
correlation between live weight and carcass weight (Coyne, Evans and Berry, 2019). This could
presumably be attributed to the absence of variations in the energy balance of diets (Moote et al.,
2014).

Regarding beef quality traits, the available literature on the use of agro-industrial by-products
comparable to HS in animal nutrition does not converge on a consistent pattern of outcome,
potentially due to differences in terms of breed, age and production period of the animals involved,
but primarily to differences in the experimental aim of the studies considered. For clarity, two studies
whose trials involved animals of similar breed and productive stage, and employing agro-industrial
by-products of similar chemical and nutritional profile will be analyzed. Specifically, Tayengwa et
al. (2020) evaluated the effects of supplementing 150 g/kg DM of dried grape pomace and dried citrus
pulp in the diets of 7-month-old Angus steers for 90 days and reported significant changes across
growth performance, carcass traits, and beef quality attributes. On the other hand, Luzardo et al.
(2021) conducted a trial of 110 days with steers of breed Angus, Hereford and a mix of them, replacing
15% or 30% (at dry matter - DM) of conventional feed ingredients with fresh citrus pulp, which
presents a similar antioxidant activity to HS. This study outcomes were in line with ours, with no
modification observed on carcass traits nor on the main meat quality parameters, although no analysis

was conducted to assess differences between breeds. The main difference between the two studies
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lies in the aim: while the former evaluated the by-products as a feed additive, the latter assessed their
potential as a feed ingredient.

Focusing on two studies with the same aim and working with the same by-product and animal breed,
another potential reason for differences could be what the by-product is substituting. Chiofalo et al.
(2020) and Oteri et al. (2026) both fed Limousine bulls with a ration with partial substitution of
destoned olive cake, a by-product with a peculiar phenolic content, similar to HS. Despite these
similarities, contrasting results were reported. Chiofalo et al. (2020) incorporated the by-product at
7.5% and 15% of'the diet in substitution to corn and soybean meal, observing improvements in several
quality characteristics, including increased intramuscular fat content, enhanced tenderness, and, at the
highest inclusion level, reduced cooking loss and shear force. On the other hand, Oteri et al. (2026)
conducted a 250-day trial in which destoned dried olive cake was included at up to 15% of the diet,
replacing barley and sunflower meal (Bionda et al, 2022) and did not observe significant
modifications in fundamental quality parameters such as ultimate pH. As our study involved the
substitution of barley and corn, this could support that perhaps substituting other elements would
have led to different results, although the rationale behind our substitutions was primarily economic
and environmental, as we targeted the most resource-intensive ingredients of the ration in order to
increase its overall sustainability. Notably, Oteri ef al. (2026) also reported significant improvements
for total antioxidant activity and total phenolic content of the meat, findings consistent with those
reported by De Caria et al. (2025), who evaluated diets with stoned olive cake partially substituting
corn, barley and wheat in young Podolian bulls. These results are particularly noteworthy given that
the total phenolic content of olive cake is approximately half that measured in the experimental feeds
of the present study, suggesting that HS may hold comparable or greater potential to influence
oxidative stability and shelf-life. Further investigations on this front are therefore warranted.
Literature on color parameters shows heterogeneous results. For instance, a similar study conducted
by Menci et al. (2023), reported increased L*, a*, b*, and C* values in lambs receiving 15% HS,
attributing the effect to higher phenolic compound intake. The discrepancy with the present study
may be explained by differences in inclusion level (15% vs. 8%), species-specific metabolism, or
differences in digestive physiology between lambs and cattle. Moreover, the stability of color
parameters and myoglobin redox forms suggests that the phenolic fraction potentially present in HS
did not influence postmortem oxidative processes under the tested conditions. This may reflect limited
bioavailability at the inclusion level used or metabolic transformation of phenolic compounds during

ruminal fermentation. Future studies should evaluate higher inclusion levels to identify potential
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dose-response effects on meat quality parameters, while simultaneously monitoring rumen health
indicators and digestive efficiency to assess the safety margin of higher supplementation rates.
Histochemical analysis further demonstrated comparable proportions of SO, FOG, and FG fibers
between groups, indicating that HS did not influence muscle metabolic profile. Because muscle fiber
composition is closely related to postmortem glycolysis, color development, and tenderness, the
absence of differences at the histological level supports the homogeneity observed in
physicochemical and textural traits (Choi and Kim, 2009; Picard and Gagaoua, 2020). This coherence
among histological, physico-chemical, and instrumental findings strengthens the interpretation that
HS acted as a nutritionally equivalent ingredient rather than as a modulator of muscle biology under
the tested conditions. For a more comprehensive evaluation of the potential role of phenolic
compounds in meat oxidative stability over time, complementary analyses addressing meat aging and
shelf life would have been beneficial. While the assessment of meat aging could not be integrated
into the experimental design, thus representing a relevant aspect for future research, shelf-life
assessment was conducted, and the corresponding results are currently being processed.

5.5 Conclusions

Across all evaluated variables, HS inclusion resulted in values comparable to the CTR diet, with no
statistically significant differences detected.

Taken together, these results indicate that HS acted as a nutritionally equivalent ingredient under the
tested conditions, maintaining both productive performance and meat quality traits. Within the
framework of alternative feed ingredient evaluation, this equivalence is a relevant outcome, as it
demonstrates the possibility of partially replacing conventional feed resources without compromising
product standards.

Beyond nutritional equivalence, these findings carry a concrete sustainability implication. In the
present trial alone, a total of 40 animals consumed 800 g of HS per head per day over approximately
7.5 months, leading to an estimated 7.2 tons of skins being diverted from the waste stream and
valorized as a functional feed ingredient. This figure is the results of a single small-scale experiment,
highlighting the scaling potential of such approach: if HS inclusion were adopted as standard practice
across commercial beef production systems, the contribution to agro-industrial by-product
valorization could become substantial.

On the other hand, the findings also support the feasibility of incorporating HS into beef cattle diets
in high-value production systems such as the Piemontese breed. Their use may contribute to the
valorization of agro-industrial by-products and to the development of more sustainable feeding

strategies, while preserving carcass and meat quality attributes required by the market.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato Ministero . .
dall'Unione europea dell'Universita Italiadomani

IANO NAZIO

NextGenerationEU e della Ricerca B PREaA CRESItIENZA

Further research could investigate different inclusion levels of HS, longer feeding durations, and the
integration of sensory evaluation to provide a more comprehensive assessment of their potential

functional effects.
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6.1 Introduction

European consumer interest in the environmental and welfare implications of animal farming
practices has increased markedly, with a significant negative impact on beef consumption (Soler &
Thomas, 2020; Sonoda et al., 2018). Specifically, consumers demand beef that meets sensory
expectations while being produced in compliance with high standards of animal welfare, food safety,
and environmental sustainability (Van Wezemael et al., 2010; Hocquette ef al., 2018; J. Liu et al.,
2022). The growing relevance of all these attributes reflects a shift in consumers’ purchasing
behaviors from price-driven to value-driven decisions, with credence attributes of food products
playing a growing role in guiding market dynamics (Dahal ef al., 2024). As a result, producers are
encouraged to differentiate their products through more sustainable production systems, and to
demonstrate alignment with consumer expectations by obtaining quality and/or animal welfare
certifications (Kirchner et al., 2014; Benedi¢i¢, Erjavec and Klopci¢, 2022). For these reasons,
European beef production is not expected to increase quantitatively over the coming years, but rather
to improve qualitatively due to changes in production methods (Hocquette et al., 2018). Among the
proposed technological innovations aimed at enhancing sustainability, one promising avenue involves
the use of alternative feed ingredients, in particular those integrating agro-industrial by-products. This
approach presents the dual benefit of reducing the environmental impact of livestock production while
mitigating food waste (Galanakis, 2012).

By law, agro-industrial by-products are defined as a “substance or object resulting from a production
process where it is not the primary objective” (Directive 2008/98/EC, 2008), and they are being
generated at a global rate of more than 190 million tons per year, with most being discarded as waste
(Goémez-Garcia et al., 2021; Hadidi ef al., 2024). Interest in such products has also grown recently as
some are rich in bioactive compounds (antioxidants, flavonoids) and dietary fiber (Reguengo et al.,
2022). On the one hand, these newly-found properties have the potential to confer added value; for
example, their inclusion in animal feeds provides nutritional benefits while reducing the level of
ingredients with higher environmental impact, in turn, leading to the production of effectively “novel
foods” (Aschemann-Witzel and Stangherlin, 2021; Sorrenti et al., 2023). On the other hand, while
numerous studies have focused on evaluating the effects of these dietary innovations on the animals
and on the quality of the derived products, far fewer have assessed their potential impacts on
consumers’ cognitive interpretation and sensory responses (Salami et al., 2021; Suriyapha et al.,
2022b; Vastolo et al., 2024a). Nonetheless, it is widely recognized that the actual feasibility of such
applications primarily relies on consumer acceptance (Cardello ef al., 1985; Knezevic et al., 2021).

Such acceptance can be influenced by various factors (Siegrist, 2008), ranging from an individual’s
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personal characteristics, such as age, gender, personal knowledge, and interest in animal farming
(Cattaneo et al., 2019; Coderoni and Perito, 2020; Grasso and Asioli, 2020), to contextual aspects
(referring to the environment in which the product is perceived or chosen; Bhatt et al., 2018) and
product-specific attributes. Product-related characteristics include both extrinsic cues (such as
packaging, labels, claims, etc.) and intrinsic cues (appearance, odor, taste, sound, and the texture/feel
of the food in the mouth) (Coderoni and Perito, 2020). As a result, the same product may be perceived
differently by different individuals, or even by the same individual depending on the context (Lee et
al.,2021).

According to the literature, the knowledge of European consumers about livestock feed is generally
limited, and often characterized by misconceptions such as the assumption that animal feed regularly
contains growth promoters, antibiotics, and hormones (Bearth, Cousin and Siegrist, 2014; Hoffmann
et al., 2024). In parallel, due to their association with “waste”, food by-products are often perceived
as unappetizing or harmful substances (Siddiqui et al., 2022). In this context, the employment of agro-
industrial by-products as animal feed ingredients might have a twofold effect: on the one hand, it
could provoke consumer hesitation due to perceived health risks or concerns about lower product
quality (Abbey et al., 2015). On the other hand, this skepticism could be turned to curiosity when
consumers are informed about the product’s potential to enhance sustainability (Mota-Gutierrez et
al., 2025).

While consumer knowledge and perceptions play a significant role in the development of new
products, the evaluation of intrinsic and extrinsic product attributes remain the most relevant predictor
of market acceptance (Enneking, Neumann and Henneberg, 2007). One of the most effective tools
for assessing intrinsic characteristics is sensory analysis (Yarali, 2023).

Sensory techniques are widely used in the development of new food products to meet consumer
demand for novel flavors and a more sustainable food production. Moreover, they provide strategic
tools for the competitive positioning of a product prior to market introduction, as demonstrated in
several studies (Guerrero ef al., 2013; Ruiz-Capillas and Herrero, 2021). For instance, Miraglia et al.
(2018) evaluated the inclusion of Origanum vulgare (OR) extract in the diet of heavy pigs, assessing
its effects on the microbiological, chemical-physical, and sensory properties of Fabriano salami. The
test was performed on Italian consumers under three different conditions (blind, expected, and
informed), and the results show that providing information positively influenced perceptions, leading
to higher scores for OR-samples across all attributes (appearance, texture, taste, and overall liking).
Similarly, Nieto et al. (2010) assessed the impact of Rosmarinus officinalis L. leaves in the diet of

pregnant sheep on lamb meat quality. Samples from treated animals received higher ratings from
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Italian consumers in terms of meat and fat color, supporting the hypothesis that distilled rosemary
leaf can represent a viable alternative to synthetic feed additives (Nieto et al., 2010). At the same
time, sensory analysis serves as a powerful approach to pinpoint the attributes that best predict how
consumers evaluate meat quality and how these evaluations translate into buying behavior (Garcia-
Torres, Lopez-Gajardo and Mesias, 2016; Ruiz-Capillas and Herrero, 2021). This approach is
particularly relevant when evaluating beef derived from alternative feeding strategies that may
influence both sensory attributes and consumer perceptions. Among these strategies, the inclusion of
agro-industrial by-products, such as hazelnut skin, in animal diets has received increasing attention.

Hazelnut skin (HS) is the brown perisperm surrounding the seed, visible when the shell is broken. It
is tightly attached to the hazelnut but naturally separates from the seed during roasting (a process
commonly applied in the confectionery industry). In Italy, approximately 3000 tons of roasted HS are
produced annually and discarded as waste, representing an economic and ecological challenge
(D’Ambra, Minelli and Lo Fiego, 2023). HS presents favorable processing characteristics such as a
low moisture content and a rich profile of bioactive compounds. It contains up to 378 times more
total phenolics than raw hazelnuts (Krol et al., 2020), a high dietary fiber content (~69%), and
significant concentrations of fatty acids, including oleic (76%), linoleic (15%), and palmitic fatty acid
(6%) (Miccio et al., 2023; Mohammed ef al., 2023). In the food industry, HS has already been at the
center of various applications, ranging from food additive to alternative feed ingredient, with
relevance for both human and animal nutrition (Bertolino et al., 2015; Della Malva et al., 2023). Della
Malva et al. (2023) incorporated HS into lamb diets, observing brighter and redder meat characterized
by a higher myofibrillar fragmentation index. Menci et al. (2023) reported delayed lipid oxidation in
meat from HS-fed lambs, attributed to the antioxidant power of alpha-tocopherol (Menci et al.,
2023a). Similarly, HS supplementation in dairy cow diets led to a reduction in saturated fatty acids
and an increase in monounsaturated fatty acids and tocopherols in the milk of the treated animals
(Renna et al., 2020). However, the literature on the use of HS in beef cattle feed is scarce, and to the
best of the authors’ knowledge no study has evaluated its effects on the sensorial characteristics of
beef, despite previous findings suggesting its applicability in the meat industry to improve both
sustainability and meat quality (Musati et al., 2024b; Ollani, Peano and Sottile, 2024). According to
Zinnanti et al. (2019), the predominant role of hazelnuts in the Italian confectionery industry
substantiates the need for further research and the re-evaluation of the potential uses of HS, the sole
by-product with no commercial value of hazelnut processing. Finally, assessing consumer perceptions
under three information conditions (blind, expected, and informed) is essential to determine how the

communication of sustainability-related attributes can influence market acceptance.
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Building on this, the objective of our study was to predict how different information conditions,
namely: blind (no information, but tasting), expected (information, but no tasting) and informed
(information and tasting), and dietary treatment, affect (i) consumer ratings of sensory attributes, (i1)
perceptions of risk and health animal welfare-related benefits, and (ii1) self-reported willingness to
pay (SWTP) of beef obtained from cattle fed with different dietary treatments (HS-fed beef vs
conventionally-fed beef), while accounting for repeated measures within consumers. To this end, we
enrolled a panel of Italian consumers to perform sensory evaluations of beef steak obtained from HS-
fed cattle and conventionally-fed cattle under blind and informed conditions, to evaluate the effect of
the information conditions on each meat type (blind vs informed for conventionally fed beef; blind vs
expected and blind vs informed for HS-fed beef). Perceptions related to health risks and animal
welfare were analyzed across expected and informed conditions, whereas SWTP for HS-fed beef was
evaluated across all three conditions (blind, expected, informed), to provide a concrete measurement
of the consumers’ level of interest toward the novel food, hence posing the basis for a potential future

market launch.
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6.2 Materials and methods

6.2.1 Products

A total of 80 Piemontese beef calves (aged 8+2 months; initial average body weight (BW): 282+65
kg) were subjected to an in vivo trial in a commercial farm located in Rivoli (Turin, Italy). The
experimental study was conducted in accordance with European Union legislation for the protection
of animals used for experimental and other scientific purposes (Directive 2010/63/EU). It was
approved by the Bioethical Committee of the University of Turin, Italy (protocol no. 0513042,
03/10/2022) and conducted in accordance with ARRIVE guidelines. The experimental design of the
in vivo trial is reported in Diaz Vicuna et al. (2025). Briefly, the study was structured according to a
randomized block design, where the animals were allocated based on initial BW in two dietary groups
(40 animals/group): conventional (C) and test (T). Both groups were fed two versions of the same
standard commercial feed. Animals in the C group received it in its original form, and animals in the
T group were administered a modified version, in which 8% of the total diet was replaced by HS
through partial substitution of the corn and barley fractions. HS were used directly as obtained from
industrial roasting without further processing.

Each group consisted of 4 replicates, with 10 animals/replicate. Each replicate was housed in a
fenced-off pen measuring 6 x 6 m equipped with two drinkers and a feeding alley (Diaz Vicuna,
Fiorilla, ef al., 2025). Animals were slaughtered in accordance with Regulation 1099/2009/EC on the
protection of animals at the time of killing. The slaughterhouse was registered and approved in
accordance with Regulation 852/2004/EC and Regulation 853/2004/EC, and formed part of the
commercial farm where the trial was being conducted. The two facilities were located in separate
buildings, approximately 100 m apart. At the time of slaughter, animals were individually transported
from the farm to the slaughterhouse using a small cattle trailer, then led to the slaughterhouse
entrance. The total waiting time from the beginning of operations to stunning did not exceed 15
minutes. After slaughtering, the half-carcasses were refrigerated (0—4°C) for at least 24 hours, then a
~25 cm section of the Longissimus thoracis et lumborum muscle was collected from its thoracic
portion, starting at the 5™ thoracic vertebra and proceeding in caudal direction. Animals’ selection
for sample collection was based on their at-slaughter body weight and age: the distributions of these
parameters were first assessed for normality, and only animals with values within £1 standard
deviation of the group mean were included, in order to minimize confounding effects of extreme
variability. Twenty-four animals per dietary treatment (6 animals x 4 replicate) were selected,

resulting in the sampling of a total of 48 left-half carcasses. To ensure comparability between
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treatments, animals were selected within each replicate based on at-slaughter BW and age, prioritizing
individuals closest to the respective replicate mean values.

Following collection, the meat samples were transported to the Department of Agricultural, Forest
and Food Sciences (DISAFA) of the University of Turin, where they were stored for 7 additional days
at 0—4°C. On the 7™ day from the collection, two steaks (2 cm thick) were sliced from each sample,
vacuum-packed and stored at -80°C before the consumer test. From this section onward, C and T will
refer exclusively to live animals and carcasses, whereas beef samples and steaks will be referred to
as “conventionally-fed beef” (C; N = 48) and “HS-fed beef” (T; N = 48). Prior to each tasting session,
a total of two steaks per group (2 of conventionally fed-beef; 2 of HS-fed beef) was selected and
thawed under refrigeration (4°C) for 24 hours. Overall, out of the 48 samples originally collected, a
total of 20 (10 conventionally fed and 10 HS-fed) was assessed in different tasting sessions. To best
reflect the design of the in vivo trial, composed of 4 replicates per group, consumers of each session
tasted steaks obtained from animals of two different replicates to ensure equal representation across
the sensory trial. Within each replicate, the steak selection was made randomly. Details can be found
in Supplementary Material, S1. On tasting day and prior to each tasting session, a conventionally-fed
and HS-fed pair of samples were cooked separately, without salt or additional condiments, on two
double-plate grills that had been pre-heated for 20 minutes to 250°C. Cooking was terminated when
the meat had reached an internal temperature of 72°C, which was monitored using two digital food
thermometers, one per steak (Gomes et al., 2014). The steaks were then removed from the grills and
cut into 1x1x1 cm cubes, which were then served to the participants for the blind and informed
conditions.

6.2.2 Participants

A total of 76 consumers (regular meat eaters) were recruited from the students and staff of the
University of Turin (Italy) via advertisements placed on the social media profile for the Department
of Veterinary Science’s and via the department’s mailing list. The study was conducted in the Sensory
Laboratory of the Department of Agricultural, Forest and Food Sciences, equipped with dedicated
tables and located away from the sample preparation area. The room's lighting was artificial (Sharif
et al., 2017). Due to space limitation, the test was divided into five sessions, conducted on distinct
days between November and December 2024, with 15-20 participants per session.

Participation was on a volunteer basis only. The inclusion criteria were: age >18 years; absence of
any significant food allergy or intolerance; living in Turin; being willing to abstain from eating for 1
hour before the study; and being willing not to consume anything for the duration of the study, aside

from the administered beef samples (30 min) (Barajas-Ramirez ef al., 2024). The study assumed that
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all consumers were naive, i.e., that they had never participated in a blind, expected, or informed
sensory evaluation study before. Each consumer was given a disclaimer sheet telling them about the
overall project and the aims of the survey. It gave a brief description of the three tasting conditions
they would experience (blind, expected and informed) and of the product they would be testing (only
identified as “beef meat” under blind condition) and informed about any risks or benefits from
participating in the study. Consumers tested the sample under all three conditions in the same session,
held between 9 and 11 am, in order to avoid potential confounding factors related to hunger or satiety
(Nute, 2002). Prior to each test, the consumers were required to sign electronically an informed
consent form. The study was granted ethical clearance by the Bioethical Committee of the University
of Turin (approval n. 0565129). Exclusion criteria were: following a vegan or vegetarian diet, and
being allergic or intolerant to nuts. All three tests were performed anonymously, and respondents did
not receive monetary compensation for their participation.

6.2.3 Consumer test

All three tests were performed on the same day and following the same order (blind, expected, and
informed). The survey was conducted using the online software ‘Qualtrics XM’ (Provo, UT). The
three questionnaires, corresponding to the three test conditions, were accessed via QR codes and the
participants responded to the questions on their personal mobile phones. The average compilation
time was 15.14 minutes (blind), 4.76 minutes (expected) and 7.49 minutes (informed). Before the
test, they were provided with a cup of room-temperature water and unsalted crackers, and instructed
to take a sip of water and a bite of cracker to rinse the palate before the start of each test and in
between samples (Grasso et al., 2022).

In the blind condition (no information and beef tasting; Supplementary Material, S2), participants
were first asked to evaluate their hunger and thirst levels (“How hungry / thirsty do you feel right
now?”) using a scale from 1 (not at all) to 100 (extremely) (Vural, Ferriday and Rogers, 2023).
Then, the two beef samples were presented side by side in a randomized order. Conventionally-fed
beef was labelled “X”, while HS-fed beef was labelled “Y”. The participants were asked to taste each
of them and rate their sensory characteristics (“Consider the appearance, juiciness, odor, flavor and
tenderness of the sample and for each descriptor indicate how much you like or dislike it”) using a
S-point internal scale (ranging from 1 — moderately unpleasant to 5 — moderately pleasant)
(Yarali, 2023), overall liking (“In front of you is a coded sample X/Y. Overall, how much you like
or dislike it?”) rated on a 9-point internal scale (ranging from 1 — extremely unpleasant to 9 —
extremely pleasant) (Ruiz-Capillas et al., 2021), and SWTP (“Based on how much you like the

product, compare your willingness to pay for sample X versus sample Y”’; Walaszczyk et al., 2023).
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The choice of employing different scoring scales was selected to maximize the reliability of the
measurements for each evaluated variable. Specifically, when multiple attributes are assessed by
untrained consumers, it is recommended to employ shorter scales to reduce cognitive load and sensory
fatigue while maintaining discriminatory power (Lawless and Heymann, 2010). For our study, this
was the case for the individual sensory attributes. In contrast, overall liking represents a global
affective judgment that is expressed once per product, rather than through multiple parallel
evaluations (Ho, 2019); accordingly, it was assessed using the standard 9-point hedonic scale, which
is the established reference for capturing consumers’ affective responses when products are evaluated
individually (Addo-Preko, Amissah and Adjei, 2023). Participants were asked about their socio-
demographic characteristics (gender, age, education level, employment, marital status, household
size, and monthly average income) at the end of the questionnaire.

In the expected condition (information but no tasting), the participants were provided information
about HS and its most relevant chemical characteristics, specifically the polyphenol content and its
antioxidant and in vitro antimicrobial properties (Selli et al., 2022). Finally, they received full
information about the ongoing project aimed at evaluating the possibility of employing HS as a feed
ingredient for beef cattle and its expected contribution to a more sustainable livestock sector. After
the explanation, the consumers were asked to complete the survey on their expectations about HS-
fed beef sensorial attributes, overall liking, SWTP and perceptions related to health and animal
welfare-related risks and benefits of meat obtained from cattle fed with HS as part of the feed formula,
but in the absence of any tasting (Supplementary Material, S3). The survey questions constituted
modified versions of those used in the blind condition: “Describe the appearance, juiciness, odor,
flavor, and tenderness that you think might characterize the meat from cattle fed with hazelnut
skins (HS-fed beef)” (evaluated using the same S-point internal scale of the blind condition), “In
general, how much do you think you might like meat from cattle fed with hazelnut skins?” (evaluated
using the same 9-point internal scale of the blind condition) and “How willing would you be to pay
for meat from animals fed with hazelnut skins compared with traditional beef?” (evaluated using the
same scale of the blind condition). Finally, consumers were asked to rate how much they agreed with
statements related to their perceptions of the risks and benefits of meat obtained from cattle fed with
HS as part of the feed formula (“Consuming HS-fed beef has positive effects on my health”; “Using
HS in cattle feed can contribute towards increasing animal welfare”; “Using HS in cattle feed can
help reduce food waste”; “Beef from HS-fed cattle is unpleasant”; “Beef from HS-fed cattle is more

nutritious (more vitamins, fiber, etc.) than traditional meat products”; “Beef products from HS-fed
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cattle are more economical than traditional meat products”), evaluated using a 7-point internal scale
(1= completely disagree to 7= completely agree) (Gross, Waldrop and Roosen, 2021).

In informed condition (information and tasting; Supplementary Material, S4), consumers were asked
to evaluate the products after having read the information provided on HS and the rationale for its use
in animal feed (as described above). They were asked to taste and rate the two samples, which were
now labelled: “X — HS-fed beef” and “Y — Conventionally-fed beef”. The X and Y associations were
deliberately reversed with respect to the blind condition to avoid influencing consumer choices. In
this condition, the participants answered the sensory, overall liking, and SWTP questions using the
scales used in the blind condition. Their perceptions of the risks and benefits of HS-fed beef were
also assessed, using the same statements and scales as used in the expected condition.

6.2.4 Statistical analysis

All statistical analyses were conducted in R Studio (version 4.3.2), with significance set to P-values
<0.05.

Cumulative link mixed models (CLMMs) were applied to examine how dietary treatments (HS-fed
vs conventionally-fed) and information condition (blind/informed for the conventionally-fed beef;
blind/expected/informed for the HS-fed beef) related to sensory evaluation scores, perception-related
variables, and SWTP. CLMM was selected due to its suitability for ordered categorical data and its
ability to account for both fixed effects (dietary treatment and information condition) and random
effects (participant ID, session and beef sample, defined by its in vivo replicate (pen of origin),
depending on the comparison). For comparisons between dietary treatments within the same
information condition, the beef sample served as the experimental unit, with session, participant ID,
and sample included as random effects to account for repeated measures. When assessing the effect
of information within each meat type, the consumer was treated as the experimental unit, with session
and participant ID as random effects, as information treatments were applied at the individual level.
The study thus represents a partially crossed two-factor design, appropriately accounting for repeated
measures and avoiding pseudo-replication.

For perception-related variables (health, welfare, waste, unpleasantness, nutrients, economic value),
each variable was analyzed separately, with condition (expected vs. informed) treated as fixed

predictor and participants id and session as random effects.
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6.3 Results

6.3.1 Socio-demographic

A total of 76 Italian meat consumers were recruited onto the study. The social and personal
characteristics of those making up the final sample are reported in Table 1. With regard to gender,
54% were women and 46% were men, making the sample sufficiently balanced. Most respondents

were young adults aged between 18 and 30 years (53.95%), with a strong prevalence of students

(40.79%).
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Table 1. Socio-demographic characteristics of the respondents (N=76).

N %
Gender Women 41 54.00
Men 35 46.00
18-30 years old 41 53.95
31-40 years old 15 19.74
Age 41-50 years old 10 13.16
51-60 years old 6 7.89
61-70 years old 4 526
Other I 132
Public-sector worker 39 51.32
Employment status Self-employed 3 395
Private-sector worker 2 263
Student 31 40.79
Less than 1.000 1 132

Between 1.000-2.000 11 14.47
Between 2.000-4.000 43 56.58

Gross monthly income (€)
Between 4.000-6.000 10 13.16

More than 6.000 6 7.89
Preferred not to respond 5  6.58
0-25 33 4342
26-50 22 28.95
Hunger level before starting the test
51-75 17 2237
76-100 4 526
0-25 18 23.68
26-50 28 36.84
Thirst level before starting the test
51-75 18 23.68
76-100 12 15.79
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6.3.2 Effect of dietary treatment on sensory evaluation of HS-fed vs conventionally-fed beef
under blind and informed conditions

CLMM analyses showed that dietary treatment was a significant predictor of several sensory
attributes under both blind and informed conditions (Table 2). In detail, under blind conditions, HS-
fed beef had higher odds of presenting lower scores for appearance, flavor, and overall liking
compared with conventional-fed beef (P < 0.05; Table 2). No significant differences were found for
juiciness, odor or tenderness. In contrast, under informed conditions, HS-beef presented higher odds
of lower ratings exclusively for juiciness relative to conventional-fed beef (P = 0.002; Table 2).
Table 2. Effect of dietary treatment on sensory parameters and overall liking of hazelnut skin-fed beef
and conventionally-fed beef as evaluated by Italian consumers (N= 76) under the blind and the

informed condition.

Blind Informed
Estimate Std. Z- P- Estimate Std. Z- P-

Attribute

(log-odds) Error  value value  (log-odds) Error  value value

Appearance -0.758 0.305 -2.484 0.013 -0.097 0.205 -0.480 0.631
Juiciness -0.559 0.294 -1.902 0.057 -0.964 0.310 -3.114 0.002
Odor -0.334 0.303 -1.104 0.270 0.500 0.305 1.638 0.101
Flavor -0.799 0.311 -2.567 0.010 0.222 0.430 0.517 0.605
Tenderness -0.185 0.300 -0.618 0.537 -0.442 0.301 -1.441 0.150
Overall

-0.756 0.299 -2.526 0.012 -0.056 0.297 -0.189 0.850
liking

Conventionally-fed beef was treated as the reference group (intercept), and coefficients represent the effect of HS-fed beef.
Estimates represent log-odds (logit) coefficients from cumulative link mixed models; positive values indicate higher odds

of receiving higher scores. Significant effects are indicated in bold (P < 0.05).
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6.3.3 Effect of information condition on sensory evaluation of HS-fed and conventionally-fed
beef

CLMM analyses showed that information condition was a significant predictor of several sensory
attributes of both conventionally-fed beef and HS-fed beef (Table 3 and 4). Across blind and informed
conditions, consumers’ sensory evaluation of conventionally-fed beef showed limited variability.
Using the blind condition as baseline, only the flavor exhibited a significant effect, with informed
conditions showing higher odds of receiving lower scores for conventionally-fed beef (P = 0.042;
Table 3).

While in the expected condition, HS-fed beef showed significantly higher odds of receiving higher
scores in the appearance, juiciness, flavor, and overall liking attributes than in blind conditions (P <
0.05; Table 4). In contrast, in the informed condition HS-fed beef showed significantly higher odds
of higher ratings for overall liking than in blind condition (P = 0.001).

Table 3. Effect of information condition (blind vs informed) on sensory parameters and overall liking

of conventionally-fed beef as evaluated by Italian consumers (N= 76).

Attribute Estimate (log-odds) Std. Error Z-value P-value
Appearance -0.437 0.358 -1.220  0.222
Juiciness 0.388 0.496 0.783  0.434
Odor -0.535 0.327 -1.637  0.102
Flavor -0.655 0.322 -2.031  0.042
Tenderness 0.219 0.541 0.405  0.686
Overall liking -0.011 0.490 -0.022  0.982

Blind condition was treated as the reference group (intercept), and coefficients represent the effect of the informed
condition. Estimates represent log-odds (logit) coefficients from cumulative link mixed models; positive values indicate

higher odds of receiving higher scores. Significant effects are indicated in bold (P < 0.05).
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Table 4. Effect of information condition (blind vs expected and blind vs informed) on sensory

parameters and overall liking of hazelnut skin-fed beef as evaluated by Italian consumers (N= 76).

Expected Informed
Estimate Estimate
. Std. Std.
Attribute (log- z-value P-value  (log- z-value  P-value
Error Error
odds) odds)

Appearance 0.774 0.322 2.399 0.016 0.466 0.317 1.468 0.142

Juiciness 1.066 0.325 3.277 0.001 0.141 0.312 0.450 0.652
Odor 0.345 0.314 1.099 0.272 0.507 0.320 1.582 0.114
Flavor 1.158 0.332 3486  <0.001  0.612 0.316 1.932 0.053

Tenderness 0.123 0.312 0.395 0.693 -0.163 0318  -0.512  0.609

Overall
1.289 0.319 4.046  <0.001 1.001 0.314 3.190 0.001
liking

Blind condition was treated as the reference group (intercept), and coefficients represent the effect of the expected and
informed conditions. Estimates represent log-odds (logit) coefficients from cumulative link mixed models, positive values

indicate higher odds of receiving higher scores. Significant effects are indicated in bold (P < 0.05).
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6.3.4 Effect of information condition on the perceived risks and benefits of HS-fed beef

CLMM analyses showed that information condition was a significant predictor of consumers’ perceptions of
the risks and benefits associated with HS-fed beef (Table 5). With the expected condition as baseline, the
informed condition was associated with higher odds of lower scores for perceived health benefits for humans
(“They have positive effects on my health”; P = 0.024) and waste reduction (“They help reduce food waste”;
P = 0.037), and in higher odds of more positive scores for perceiving “animal welfare” benefits (“They
contribute to increase the animals’ welfare”; P = 0.022). No differences were observed between conditions for
perceptions related to unpleasantness, nutritional value, or economic convenience.

Table 5. Effect of information condition (expected vs informed) on health and animal welfare-related

risks and benefits perceptions of hazelnut skin-fed beef, as evaluated by Italian meat consumers

(N=76).

Perception Estimate (log-odds) Std. Error Z-value P-value
Human health -0.953 0.422 -2.261  0.024
Animal welfare 1.313 0.574 2.288 0.022
Waste reduction -1.103 0.528 -2.091  0.037
Unpleasantness -0.433 0.335 -1.292  0.197
Nutritional composition -0.203 0.403 -0.503  0.615
Economic convenience 0.073 0.334 0.218  0.828

Legend: Human health — “They have positive effects on my health”’; Welfare — “They contribute to increase the animals’

welfare”; Waste reduction — “They help reduce food waste”; Unpleasantnes — “They are unpleasant”; Nutritional
composition — “They are more nutritious (more vitamins, fiber, etc.) than traditional meat products”; Economic
convenience — “They are more economical than traditional meat products”. Expected condition was treated as the

reference group (intercept), and coefficients represent the effect of the informed condition. Estimates represent log-odds
(logit) coefficients from cumulative link mixed models; positive values indicate higher odds of receiving higher scores.

Significant effects are indicated in bold (P < 0.05).

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

PIANO N,

NextGenerationEU e della Ricerca B PREaA CRESItIENZA

6.3.5 Effect of the information condition on the self-reported willingness to pay for HS-fed beef
CLMM analyses showed that information condition was a significant predictor of consumers’ SWTP
for HS-fed beef (Table 6). The blind condition served as the reference category for the SWTP model.
Relative to this baseline, the expected condition showed higher odds of assigning higher SWTP scores
for HS-fed beef (P = 0.001). In contrast, the informed condition did not differ from the blind
condition.

Table 6. Effect of information condition (expected vs blind; informed vs blind) on consumers’ self-

reported willingness to pay for hazelnut skin-fed beef as evaluated by Italian meat consumers (N=76).

Condition (vs. blind) Estimate (log-odds) Std. Error Z-value P-value
Expected 0.982 0.308  3.194  0.001

Informed 0.571 0.310 1.842  0.066

Scoring SWTP scale: 1 = “I would be willing to pay up to 5% more for the conventionally-fed beef sample than for the
HS-fed beef sample”; 2 = “I would be willing to pay 6-10% more for the conventionally-fed beef sample than for the HS-
fed beef sample”; 3 = “I would be willing to pay the same for both samples”; 4 = “I would be willing to pay up to 5%
more for the HS-fed beef sample than for the conventionally-fed beef sample”; 5 = “I would be willing to pay 6 -10%
more for the HS-fed beef sample than for the conventionally-fed beef sample”. Blind condition was treated as the baseline
(intercept), and coefficients represent the effect of the expected and informed condition. Estimates represent log-odds
(logit) coefficients from cumulative link mixed models; positive values indicate higher odds of receiving higher scores.

Significant effects are indicated in bold (P < 0.05).

6.4 Discussion

The results of the present study indicate that both dietary treatment and information exposure
influence consumers’ evaluation of beef. One of the most important findings was the effect of
providing consumers with information about HS on their subsequent sensory perceptions of the HS-
fed beef. While consumers attributed negative scores to multiple attributes of the HS-fed beef under
blind conditions, this pattern was not present in the scores reported when consumers were aware about
the type of beef they were tasting (informed condition). On one hand, this result might suggest that
HS inclusion could have affected certain sensory properties of the meat. However, this is not fully in
line with literature findings. Most studies on the topic report that dietary HS inclusion primarily
influences the fatty acid profile of the final product, while the Piemontese breed used in our study
naturally has a low content of intramuscular fat (Brugiapaglia, Lussiana and Destefanis, 2014; Renna
et al., 2020; Musati et al., 2024b), a consequence of their double-muscled, late-maturing phenotype
(Fiems, 2012). Fat tissue is deposited last in beef cattle (Schumacher et al., 2022), and all animals

involved were slaughtered at ~14 months, earlier than the average slaughter age (ANABoRaP1i, no
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date). Together, these factors further reduce the likelihood that changes in fat-related traits alone can
explain the observed differences, and further support the hypothesis that alternative mechanisms may
underlie the sensory responses detected under blind conditions. On the other hand, the improved
sensorial perception of the HS-fed beef under informed condition is consistent with the optimistic
evaluations provided in the expected condition, especially in relation to appearance, juiciness, flavor
and overall liking, as well as with previous findings in the literature regarding consumer perception
towards innovative food products, among which beef obtained from HS-fed animals (Bolletta et al.,
2024; Mota-Gutierrez et al., 2025). In particular, the sensorial study by Bolletta et al. (2024)
employed an experimental design comparable to the present work, applied to meat products obtained
from pigs fed with HS. The authors reported that pork derived from HS-fed animals scored higher
under informed conditions, despite no differences emerging in the blind evaluation. This indicates
that positive informational framing can serve as a powerful modulator of sensory experience,
especially when aligned with consumers’ increasing concerns regarding sustainability and ethical
production (Rai et al., 2023; Giinden ef al., 2024). In this context, it is noteworthy how the comparison
of the “health and animal welfare-related risks and benefits” scores revealed a more articulated
pattern, where participants were less likely to rate HS-fed beef as positively affecting their health, but
more likely to rate it as improving animal welfare in the informed condition compared with expected-
only. This asymmetry suggests that tasting the product may selectively reinforce or weaken specific
informational claims. On the other hand, such variability aligns to the literature describing the
modulatory role of information in shaping consumers’ perceptions about a product’s quality and
safety (Plasek, Lakner and Temesi, 2020; Tepper and Barbarossa, 2020).

Additionally, although health-related and sustainability-related concerns are often conceptually
framed as distinct — one being primarily oriented toward personal well-being and the other toward
broader societal goals — their co-occurrence in food choice motivations is well documented in the
literature (Van Loo, Hoefkens and Verbeke, 2017; Sanchez-Bravo et al., 2021; Piracci et al., 2023;
Ammann et al., 2025). In a cross-national study involving Danish and Italian consumers, Piracci et
al. (2023) segmented the participants based on the values driving their preference for sustainable food
products, and found that individuals caring about health-associated and sustainability-related aspects
were found to have similar identity profiles. Similar patterns were also reported in studies
investigating consumer perceptions about organic products, the underlying mechanisms linking these
motivations remain largely unexplored (Midmore, Wier and Zanoli, 2006; Thegersen, 2011,

Aschemann-Witzel and Stangherlin, 2021).
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Beyond meat products, the inclusion of health-related information has also been reported to increase
the perceived value of the final product in various other novel sustainable foods, such as insects and
algae (Schouteten et al., 2016; Lucas and Brunner, 2024). Specifically, Lucas et al. (2024) evaluated
consumer perceptions about the value of microalgae as an alternative food, whereas the study by
Schouteten et al. (2016) involved profiling the emotional and sensory perceptions of Belgian
consumers (under blind, expected and informed conditions) in relation to burger patties which
included mealworms as an ingredient. In this study, informing the consumers about the presence of
insects in the consumed product negatively influenced their sensorial perceptions. The field of
consumer psychology offers a useful framework for interpreting these dynamics, namely, the
“assimilation model”. Rooted in cognitive dissonance theory, the model suggests that a consumer’s
perception of an experience will tend to align with their expectations in order to minimize the mental
discomfort caused by incongruent sensory feedback (Okamoto and Dan, 2013). In the present study,
the expectations towards HS-fed beef were predominantly positive, as confirmed by scores above the
scale midpoint for perceived benefits, and below the midpoint for perceived risks. This suggests that
the positive expectations generated through the information provided to the consumers may have been
assimilated into the actual tasting experience, contributing to the favorable re-evaluation of the
product’s flavor and odor attributes under informed conditions. Interestingly, the provision of
information about HS caused consumers to rate the sensory attributes of conventionally-fed beef
sample as less favorable than under blind condition, specifically in relation to flavor. This may be
partly due to so-called “expectation contrast effects”, where new, positively framed alternatives make
conventional options appear less desirable (Park, Jun and Macinnis, 2000).

As for the SWTP, the odds of Italian consumers declaring a higher SWTP in favor of HS-fed beef
with respect to conventionally-fed beef trended toward increasing SWTP under informed conditions,
suggesting a positive attitudinal response to the provided information, in line with other examples
from literature. In a similar study by Spartano et al. (2021), which evaluated UK consumer
perceptions of eggs from insect-fed hens, stated that the WTP increased following disclosure of the
product’s associated sustainability benefits. The findings substantiate the conclusions of Weinrich
(2018), who emphasized the strict correlation between the health attributes of innovative animal-
derived products and subsequent consumer acceptance. It should be noted that the measure employed
in this study reflects a hypothetical and self-declared WTP, rather than an incentive-compatible
economic valuation, and therefore should be interpreted as an indicator of relative preference
orientation rather than actual market behavior (Voelckner, 2006). Nevertheless, these results further

indicate that SWTP can be affected by multiple factors, such as the type of innovation (e.g., feed
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ingredients vs full product substitution), consumers’ familiarity toward the specified innovation, and
the level of its perceived “naturalness” (Petrontino et al., 2023; Nazzaro et al., 2024). Such elements
should also be considered when developing communication strategies for these types of product
innovations.

Multiple factors shape consumer attitudes, ranging from product-specific information to much
broader factors such as prior knowledge, trust in food systems, and socio-demographic characteristics
(Borrello et al., 2017).

In this context, the composition and size of our consumer sample can be identified as potential
limitations. Recommended sample sizes for consumer sensory tests vary widely, depending on the
study design, number of products evaluated, and testing conditions and commonly range between 50
to over 100 participants (Stone and Sidel, 2004; Mammasse and Schlich, 2014). In the present study,
76 consumers evaluated only two products under a repeated-measures design (blind, expected,
informed conditions). While larger samples are typically recommended for estimating population-
level acceptance, our primary aim was to develop predictive models of consumer responses across
both product types and information conditions, focusing on relative differences rather than absolute
population estimates. Combined with the repeated-measures structure, which controls for inter-
individual variability and increases statistical efficiency, this sample size is considered adequate for
the study objectives (Lawless and Heymann, 2010).

Building on the considerations of sample size and predictive scope, it is also important to note that
our study sample was characterized by a high share of young adults (51.32%), compared with the
approximate 20% of the Italian population (ISTAT - Popolazione residente 2025, 2025), and mainly
consisting of university students and public-sector employees. These groups are generally more
engaged with sustainability issues, which may influence both sensory evaluations (age effects) and
WTP outcomes (age and education effects) (Kirby and Zwickle, 2021; F. Liu et al., 2022; Gagliardi
et al.,2025). Consumer acceptance toward food innovations, especially those involving sustainability
or ethical considerations, is known to be shaped by individuals’ knowledge of food systems and
educational background. Therefore, the high education level and specific composition of our sample
may represent a potential source of bias and limit the external validity of the findings and results
should not be generalized to the broader Italian population without caution. Future studies should
expand these predictions to larger samples to assess population-level acceptance and generalizability.
Despite these limitations, the controlled experimental design and the use of mixed-effects models
provide strong internal validity, ensuring that the observed differences between dietary treatment and

information conditions remain robust.
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6.5 Conclusion

Our findings highlight the critical role of a product contextual frame in shaping consumers perception
and sensory evaluations. Providing information significantly shaped consumer perceptions of HS-fed
beef across health, sustainability, and ethical dimensions, underscoring the importance of strategic
and transparent communication in influencing consumer acceptance and willingness to pay. To
validate these findings, future research should involve a broader and more diverse consumer base,
especially in terms of sociodemographic characteristics. Different levels of information disclosure
should also be explored to better understand how communication strategies can influence perception,
trust, and purchase behaviors. Such insights will be essential for effectively promoting the integration
of more sustainable meat products into regular consumption habits, further contributing to a more

resilient and sustainable food supply chain.
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7.1 General remarks

The present thesis was designed around a central question: can hazelnut skins, a by-product
currently classified as waste, be successfully integrated into beef cattle diets without
compromising the sustainability, quality, and market appeal of the derived products?

To answer this, a multidisciplinary approach was adopted, spanning from farm-level sustainability
assessment to consumer sensory evaluation, in line with the Farm to Fork rationale that guided the
entire research design. The following sections discuss the main limitations encountered and the
significance of the findings across each evaluative dimension.

It should first be noted that this PhD project is part of a larger multi-university initiative (LIVE-HAZE
- Hazelnut Industrial By-Product Inclusion In Livestock Chains In Italy) involving four Italian
Universities, each focused on a different animal species and a distinct set of analyses. The present
work is therefore intentionally limited to bovine-specific topics; for a comprehensive view of the
broader effort to re-evaluate HS as a feed ingredient, the publications of the other units are
recommended (Musati et al., 2024b, 2025; Cattivelli et al., 2025; D’ Ambra et al., 2025; Trovato et
al., 2025).

Focusing on HS as the study object, two inherent challenges deserve attention: seasonal availability
and compositional variability. Regarding the former, while hazelnuts are indeed seasonally harvested,
the HS used in this study were sourced directly from confectionery industries that process hazelnuts
year-round to sustain continuous supply chains. This arrangement effectively allowed to overcome
the seasonal constraint. An additional and equally important consideration concerns quality
assurance: rather than sourcing HS directly from confectionery companies, the skins were collected
and supplied by Regardia SpA (formerly Dalma Mangimi SpA), an industrial partner of the project
specialised in formulating animal feed from by-products and former foodstuffs. This intermediary
role proved to be fundamental for several reasons, as it ensured systematic quality control to prevent
contamination by mycotoxins or foreign bodies (e.g. metal or plastic fragments), reduced dependency
on a single source, and guaranteed appropriate storage conditions throughout the entire supply period,
preserving both the nutritional and antioxidant fractions of the material.

Regarding compositional variability, the existing literature has primarily documented fluctuations in
polyphenolic content across varieties, whereas fibre fractions and unsaturated fatty acids have been
shown to remain sufficiently stable (Tas and Gokmen, 2015; Rondanelli ef al., 2023). Variability in
polyphenolic content would become a relevant concern for the present project only if it was
demonstrated that specific concentrations could negatively affect the live animal or its products, as

the main aim of studies assessing sustainable alternative feed ingredients is to reduce environmental
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impact and/or feeding costs while maintaining animal performance and product quality (Vastolo et
al., 2024b). Within the present project, none of the in vivo and postmortem assessments has suggested
the presence of negative impacts following the HS administration. Studies assessing fatty acid
composition, oxidative stability, and shelf life of the beef obtained from the bulls involved in the trial
are currently being conducted, but it is expected to not see negative impacts in general, based on the
results reported by other trials. An additional consideration in this context is that the substrate on
which polyphenolic compounds primarily exert their antioxidant potential is fat, which is relatively
low in the breed used in this study, the Piemontese. Finally, a further limitation concerns the absence
of a formal economic and environmental sustainability assessment of a diet with the HS inclusion in
comparison with a standard one. While it is logical that replacing conventional feed ingredients with
a waste by-product requiring no additional processing costs should yield environmental and economic
benefits, a rigorous, empirical validation is still needed to confirm such statement. Within the LIVE
HAZE framework, a life cycle analysis of the HS was conducted in cooperation with one of the
participating confectionery industries but wasn’t included in the present thesis as it was not part of
the present PhD project.

Limitations can also be found in relation to the trial setting, with consequences both for the in vivo
and postmortem evaluations.

In relation to the in vivo part of the trial, conducting the experiment in a commercial farm rather than
a research one required a big input in terms of manual work. Feed intake measurements were
performed manually on a bi-weekly basis for each of the eight experimental groups throughout the
entire trial period (equivalent to more than 1 year), involving the physical weighing of 20 to 70 kg of
feed three times per week, under temperatures ranging from 0°C to +30°C. Although this approach
required substantial human resources, including farm staff, me (the PhD candidate), master's students,
and research colleagues, it did not necessarily enhance data sensitivity beyond what automated or
research-facility systems might have achieved. Furthermore, the commercial setting did not permit
the measurement of enteric methane emissions, which typically requires specialised infrastructure or
procedures incompatible with routine farm management. This represented a notable gap, given the
growing body of evidence linking dietary supplementation of tannins, primary bioactive components
of the HS polyphenolic fraction, to significant reductions in cattle CH4 production (Aboagye and
Beauchemin, 2019; Orzuna-Orzuna et al., 2021). On the other hand, this limitation led to a parallel
project, aiming to test this effect through an in vitro trial. The project, developed by me and in
collaboration with the connections created through the PhD, was then submitted to the Youth Impact
— Because You Matter | UNESCO X Nestlé global grant
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(https://www.nestle.com/media/news/nestle-unesco-global-initiative), where it was selected among
the 100 winning projects worldwide out of more than 5000 submitted projects
(https://www.qmarkets.cloud/live/nestle/subdomain/youth-
impact/end/campaign_overview?qmzn=iLWJJe). The in vitro trial is currently underway through a
tri-national collaboration involving institutions in Italy (University of Turin -UniTo), Spain
(Universitat Autonoma de Barcelona — UAB), and Sweden (Sveriges lantbruksuniversitet — SLU),
with results expected by the end of June.

Despite these constraints, the choice to conduct the trial in a commercial context was deliberate,
guided by specific and assessed reasons. In first place, it allowed to work and provide results from a
real-world scenario, while also strengthening the academic—industry partnership, thanks to the
cooperation created with the farmer, local feed industries and the company providing us with the HS,
all key actors within the regional agri-food system. The commercial context also lent ecological
validity to the oxidative stability results: feeds containing HS exhibited total phenolic content nearly
three times higher than control feeds, with no differences in TBARS values, even after samples had
been exposed to ambient temperatures reaching +40°C, a finding that demonstrates the protective
antioxidant effect of HS polyphenols under realistic storage conditions. An additional practical
observation from field management is that HS tended to agglomerate within feed silos, due to their
high fat content. Although this did not pose a significant operational problem at the tested inclusion
level of 8%, it should be taken into account in any future study aiming to evaluate higher inclusion
rates.

Finally, a further element of attention is the breed of the animals raised on farm: the Piemontese,
characterized by a very lean meat, with <1% of intramuscular fat on average. Considering that HS
primarily exercise their effect on fat (Musati et al., 2024b, 2025), this might have represented a
potential limitation for the assessment of the HS full effects on the meat shelf life, as well as for the
sensory analysis, as differences in fat content and composition can influence flavour perception. On
the other hand, the Piemontese breed represents a locally relevant production system in line with the
trial stakeholders described above, and whose beef products carry the Protected Geographical
Indication designation "Vitelloni Piemontesi della coscia" (EC Reg. 2017/703). This allowed to
contribute to the academic valorisation of this breed, referenced in all publications arising from the
trial.

Despite these limitations, the present work constitutes a comprehensive, multidimensional evaluation
of the scientific pathway required to re-validate an agro-industrial by-product as an alternative feed

ingredient.
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The pilot sustainability assessment across 106 innovative European livestock farms established the
contextual foundation for the subsequent research, demonstrating that farms currently driving the
green transition bear a disproportionate share of the associated costs. The negative correlations
observed between profitability and environmental performance indicators confirm that existing
legislative frameworks, despite meaningful progress, remain insufficient to fully offset the economic
burden of sustainable innovation. Given that feed represents one of the highest-impact cost drivers in
livestock sustainability, these findings lend further support to the search for alternative ingredients
characterised by lower environmental and economic footprints than conventional ones.

The consumer attitudes study provided the essential market framing, confirming that pursuing this
research direction would yield a product with genuine commercial potential. Overall perceptions were
positive across all identified consumer profiles, with receptiveness modulated by environmental
awareness, food neophobia, and individual value systems rather than by prior product knowledge.
This underscores that the market success of such innovations will depend as much on communication
strategy as on product quality itself.

The in vivo trial demonstrated that HS inclusion at 8% of the concentrate is safe and compatible with
normal productive performance. Body weight and average daily gain were equivalent between
groups, haematological parameters remained within physiological ranges, and the notable enrichment
of test feeds in total phenolic content positions HS as a functionally relevant ingredient with
implications beyond simple nutritional substitution. The modulation of fibre intake observed in the
HS-fed group further opens a discussion on the potential role of this ingredient in mitigating the risk
of ruminal acidosis, one of the most persistent challenges of intensive beef production.

Postmortem evaluation confirmed nutritional equivalence under the tested conditions, with no
differences detected across carcass traits, physicochemical properties, texture, proximate
composition, or muscle fibre profile. All values were consistent with breed reference ranges, a
particularly relevant outcome in a PDO-registered production system such as Piemontese beef, where
consistency of quality attributes is both commercially critical and legislatively regulated. Regarding
meat oxidative stability, fatty acid profile, and shelf life, we expect either no effect or an improvement
of some parameters in the beef from animals fed with HS, given the polyphenolic load identified in
the HS-enriched feeds and previous results obtained in other trials with ruminants conducted within
and outside the LIVE HAZE project. Additionally, evaluations on the animals’ rumen and gut
microbiome and histomorphology are currently being conducted, with results expected by the end of

the year.
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The sensory study yielded the most nuanced and actionable findings. Negative evaluations recorded
under blind conditions were substantially attenuated when consumers received information about the
alternative feed ingredient. It should also be noted that the low intramuscular fat content of the
Piemontese breed may have limited the expression of HS sensory potential, given that fat represents
the primary substrate for polyphenolic action; future studies on higher-fat breeds may therefore yield
more pronounced effects. Nonetheless, the present results confirm that transparent, well-designed
communication strategies regarding the sustainability credentials of HS-fed beef have the potential
to markedly improve market reception, and that information provision is a critical variable in any
future market introduction strategy.

Taken together, the convergence of evidence across all evaluated dimensions supports the conclusion
that HS represents not merely a nutritionally equivalent substitute for conventional feed ingredients,
but a promising platform for the development of a more sustainable, functional, and market-

responsive beef production system.

7.2 Future considerations

To the best of the author's knowledge, the present thesis represents the most comprehensive evaluation
of HS as an alternative feed ingredient in beef cattle, integrating farm-level sustainability, consumer
attitudes, in vivo performance, meat quality, and sensory assessment within a single coherent research
framework. In this sense, the PhD project, and the broader LIVE HAZE initiative of which it is part,
can be considered a success, both in terms of scientific outputs and in terms of the multidimensional
connections it has fostered.

Beyond the publications produced by the different research units - several of which are currently
under submission or revision - the project generated significant collaborative value across multiple
levels. At the intra-departmental level (Dept. of Veterinary Sciences, UniTo), it led to the
development of more than four graduation thesis, and involved master's students, technical staff, PhD
candidates from diverse species-specific backgrounds (from poultry to equine science), researchers
and professors across different disciplinary areas. At the inter-departmental level (UniTo), it
involved researchers from the Department of Drug Science and Technology, who conducted the total
phenolic content analyses, the department of Agricultural, Forest and Food Sciences, who conducted
TBARS and fatty acids profile analysis, and from the Department of Animal Nutrition at the
Autonomous University of Barcelona, where the in vifro methane trial is underway. At the inter-
university level, I personally participated in the slaughter of lambs from the University of Catania,
contributed to at-slaughter sampling for the trials of the University of Milan and the University of

Modena and Reggio Emilia, and coordinated sampling and shipment for the University of Perugia
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unit. International collaborations were established with the Swedish University of Agricultural
Sciences (SLU), the University of Reading (UK), and the Autonomous University of Barcelona
(Spain). Finally, at the transdisciplinary level, the project encompassed academic, industrial
(including six months of industry immersion, four of which were spent at the company supplying the
HS — Regardia Mangimi spa), and public communication dimensions, including contributions to
divulgation journals such as Ruminantia (Forte, 2022).

Looking ahead, several research directions appear particularly promising. From a nutritional and
production standpoint, the most immediate priority is the exploration of different HS inclusion levels
to define the dose—response relationship and identify the optimal rate that balances nutritional
benefits, palatability, and productive performance. It is notable that the present findings can only be
related to an 8% inclusion of HS, and higher levels might be accompanied by contrasting results
regarding the rumen and gut health and microbiota. The effects of HS on these target organs represent
a particularly valuable and largely unexplored avenue, given both the documented antimicrobial
properties of HS phenolic compounds and the increasing regulatory pressure on livestock greenhouse
gas emissions.

From a product quality perspective, future evaluations should specifically target beef shelf life, fatty
acid profile, lipid and protein oxidation indices, and total phenolic and tocopherol content of muscle
tissue, to determine whether the functional potential suggested by the feed composition data translates
into measurable advantages at the product level. These assessments are especially relevant at higher
HS inclusion levels, where the antioxidant load delivered through the diet may be sufficient to
influence postmortem oxidative processes, and where breed selection (favouring higher intramuscular
fat content) would maximise the probability of detecting biologically meaningful effects.

From a consumer and market perspective, the sensory study should be replicated with a larger and
more socio-demographically diverse panel to strengthen the generalisability of the findings.
Investigation of different information disclosure formats, including on-pack claims, sustainability
certifications, and point-of-sale communication, would yield additional practical guidance for
producers and retailers. Finally, a full economic assessment of HS inclusion, accounting for feed cost
differentials, potential premium pricing opportunities, and sustainability certification costs and
benefits, would complete the evidence base required to evaluate the commercial viability of this
innovation.

In conclusion, the present thesis provides a solid and multidimensional evidence base supporting the
feasibility of an 8% inclusion of hazelnut skin in beef cattle diets as a circular economy feed

ingredient. The convergence of evidence across sustainability, animal performance, meat quality, and
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consumer perception dimensions confirms that HS represents a promising platform for the
development of a more sustainable, functional, and market-responsive beef production system, one

that bridges the gap between agro-industrial waste valorisation and high-quality livestock production.
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Dietary processed former foodstuff from bakery by-products for broilers: impact on
performance, digestibility, and hematobiochemical profiles. Journal of Animal Science and
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quality, physico-chemical traits and shelf-life extension. Applied Food Research, 5(1).
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Evaluating the Automation of Abnormal Posture Transition Indicators in Dairy Cows Using
Pose Estimation in 3d. Journal of Smart Agricultural Technology.
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Diaz Vicuna E.*, Adams N., Smith L.G., Durand M., van Wagenberg C., Caron E., van den
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Andersen H., Borek R., Jurga P., van Leuffen N., Heerkens J.L.T., Yngvesson J., Oosterwijk
A., Stokes J., Forte C., Hessle A. (2025) Exploring relationships among different sustainability
aspects in innovative livestock systems in Europe. International Journal of Agricultural
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Diaz Vicuna E.*, Fiorilla E., Srikanthithasan K., Zambotto V., Bianchi C., Riondato F., Renna
M., Odore R., Badino P., Gardini G., Arneodo V., Cravero A., Ozella L., Giorgino A., Tabasso
S., Capaldi G., Brugiapaglia A., Forte C. (2025) Hazelnut skins as a new sustainable
ingredient for beef cattle diets. Scientific Reports, 15(1), 38926.
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Diaz Vicuna E., Merlino V. M.*, Massaglia S., Mota-Gutierrez J., Forte C., Blanc S.
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1. Diaz Vicuna E., Srikanthithasan K., Zambotto V., Bianchi C., Fiorilla E., Brugiapaglia A.*,
Renna M., Lussiana C., Salvatico J. P., Di Giancamillo A., Pallaoro M., Pravettoni D., Forte
C. Dietary inclusion of hazelnut skin in Piemontese cattle: effects on beef quality. Submitted

to: Journal of Meat Science
III.  Congress proceedings:

1. Diaz Vicuna E.*, Anfossi L., Di Nardo F., Forte C., Ozella L. 2023. CortiCow project:
development of a rapid and non-invasive Lateral Flow Immunoassay for the evaluation of
cortisol levels in bovine saliva. Oral presentation. Proceedings of 2023 IEEE International

Workshop on Measurements and Applications in Veterinary and Animal Sciences

(MeAVeAS), Napoli, Italy, 26-28th April 2023.

2. Srikanthithasan K., Giorgino A., Gariglio M., Diaz Vicuna E.*, Fiorilla E., Roccatello R.,
Gasperi F., Schiavone A., Massa V., Forte C. Processed former foodstuff based on bakery by-
product included in compound feed diet destined to poultry can enhance broiler performance

without impairing meat sensorial properties. Poster presentation. 8th International Feed

conference, Milan, 9-10™ October 2023.

3. Diaz Vicuna E.*, Adams N., Smith L., Forte C., Hessle A. Exploring the sustainability
aspects of innovative livestock systems in Europe. Oral presentation. 75th Annual Meeting of

the European Federation of Animal Science (EAAP), Florence, Italy, 1-4™ September 2024.

4. Ogzella L., Vitturini D., Diaz Vicuna E.*, Bovo M., Forte C., Giacobini M., Grangetto M.
Analysing the social network dynamics of dairy cows with computer vision. Oral presentation.
11th European Conference on Precision Livestock Farming (ECPLF), Bologna, Italy, 9-12
September 2024.

5. Diaz Vicuna E.*, Fiorilla E., Srikanthithasan K., Zambotto V., Tabasso S., Renna M.,
Rastello L., Giorgino A., Ozella L., Arneodo V., Cravero A., Forte C. Hazelnut skin as
sustainable feed ingredient in livestock diets: preliminary results. Oral presentation.
RETASTE: RETHINK FOOD Resources, losses, and waste, Heraklion, Greece, 25-27"
September 2024.

6. Diaz Vicuna E.*, Adams N., Smith L.G., Durand M., van Wagenberg C., Caron E., van den
Pol-van Dasselaar A., Baumgart L., Schetelat S., Gliga A., Espagnol S., Andersen H.M.-L.,
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Borek R., Jurga P., van Leuffen N., Heerkens J.L.T., Yngvesson J., Oosterwijk A., Stokes J.,
Forte C., Hessle A. Exploring relationships among different sustainability aspects in
innovative livestock systems in Europe. Poster presentation. XII international Rangeland IRC

pre-congress, Adelaide, Australia, 31 May-1% June 2025.

7. Diaz Vicuna E.*, Bruzzese S., Magrin L., Fabrega E., Mainau E., Marti S., Boivin X., Fusi
F., Bernardo T., Rota Nodari S., Boissy A., Hvidtfeldt Jensen E., Pedersen L. J., Ashe S.,
Forte C. Challenges and best practices towards higher welfare standards in beef cattle: results
from the European Partnership for Animal Health and Welfare. Poster presentation. 76th
Annual Meeting of the European Federation of Animal Science (EAAP) 2025, Innsbruck,
Austria, 25-29th August 2025.
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1. YOUTH IMPACT - BECAUSE YOU MATTER For Environmental Sustainability and

Climate Action” initiative led by UNESCO in collaboration with Nestlé global

(https://unesco.nestleyouthentrepreneurship.com/). Leader of the winning project “CHsNGE

the BEEF — Circular use of Hazelnut skins for Neutralization of Greenhouse gas Emissions in
beef cattle production”.

See: https://www.linkedin.com/posts/dsv-unito_we-are-proud-to-announce-that-
ch%E2%82%84nge-the-activity-7426688581139873792-
yb_r?utm_source=share&utm medium=member desktop&rcm=ACoAAEajfEYBK6mndy9
aqcFOLv1eO7Yh3436698

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza


https://unesco.nestleyouthentrepreneurship.com/

Finanziato #.7, Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

References

Abbey, J.D. et al. (2015) “Remanufactured Products in Closed-Loop Supply Chains for Consumer
Goods,” Production and Operations Management, 24(3), pp. 488—503. Available at:
https://doi.org/10.1111/poms.12238.

Aboagye, I.A. and Beauchemin, K.A. (2019) “Potential of Molecular Weight and Structure of
Tannins to Reduce Methane Emissions from Ruminants: A Review,” Animals, 9(11), p. 856.

Available at: https://doi.org/10.3390/ani9110856.

Alasalvar, C., Pelvan, E. and Amarowicz, R. (2010) “Effects of Roasting on Taste-Active
Compounds of Turkish Hazelnut Varieties (Corylus avellana L.),” Journal of Agricultural and Food
Chemistry, 58(15), pp. 8674—8679. Available at: https://doi.org/10.1021/j£101039f.

Allegrini, A. et al. (2022) “Multipurpose plant species and circular economy: Corylus avellana L. as
a study case,” Frontiers in Bioscience-Landmark, 27(1), p. 11. Available at:

https://doi.org/10.31083/j.tb12701011.

Alonso, M.E., Gonzalez-Montaiia, J.R. and Lomillos, J.M. (2020) “Consumers’ Concerns and
Perceptions of Farm Animal Welfare,” Animals, 10(3), p. 385. Available at:
https://doi.org/10.3390/ani10030385.

Angellotti, M. ef al. (2025) “Asparagopsis taxiformis supplementation to mitigate enteric methane
emissions in dairy cows—Effects on performance and metabolism,” Journal of Dairy Science,

108(3), pp. 2503-2516. Available at: https://doi.org/10.3168/jds.2024-25258.

Aschemann-Witzel, J. and Stangherlin, [.D.C. (2021) “Upcycled by-product use in agri-food
systems from a consumer perspective: A review of what we know, and what is missing,”
Technological Forecasting and Social Change, 168, p. 120749. Available at:
https://doi.org/10.1016/j.techfore.2021.120749.

Bature, A. et al. (2022) “Microalgae as feed ingredients and a potential source of competitive
advantage in livestock production: A review,” Livestock Science, 259, p. 104907. Available at:

https://doi.org/10.1016/j.1ivsci.2022.104907.

Bearth, A., Cousin, M.-E. and Siegrist, M. (2014) “The consumer’s perception of artificial food
additives: Influences on acceptance, risk and benefit perceptions,” Food Quality and Preference, 38,

pp. 14-23. Available at: https://doi.org/10.1016/j.foodqual.2014.05.008.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato “», Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Bhatt, S. et al. (2018) “From food waste to value-added surplus products (VASP): Consumer
acceptance of a novel food product category,” Journal of Consumer Behaviour, 17(1), pp. 57-63.

Available at: https://doi.org/10.1002/cb.1689.

Brennan, G., Tennant, M. and Blomsma, T. (2015) “Business and production solutions Closing

loops and the circular economy,” Sustainability. 1st Edition. Routledge, pp. 219-239.

Brown, B.J. et al. (1987) “Global sustainability: Toward definition,” Environmental Management,

11(6), pp. 713—719. Available at: https://doi.org/10.1007/BF01867238.

Capaldi, G. et al. (2025) “Upgrading hazelnut skins: Green extraction of polyphenols from lab to
semi-industrial scale,” Food Chemistry, 463, p. 140999. Available at:
https://doi.org/10.1016/j.foodchem.2024.140999.

Cattaneo, C. ef al. (2019) “Consumers’ attitude towards food by-products: the influence of food
technology neophobia, education and information,” International Journal of Food Science &

Technology, 54(3), pp. 679-687. Available at: https://doi.org/10.1111/ijfs.13978.

Cattivelli, A. ef al. (2025) “Feeding lambs hazelnut skin and linseed decreases meat lipid oxidation
during in vitro digestion,” Food Chemistry, 483, p. 144266. Available at:
https://doi.org/10.1016/j.foodchem.2025.144266.

Chang, S.K. ef al. (2016) “Nuts and their co-products: The impact of processing (roasting) on
phenolics, bioavailability, and health benefits — A comprehensive review,” Journal of Functional

Foods, 26, pp. 88—122. Available at: https://doi.org/10.1016/;.j{£.2016.06.029.

Chiofalo, V. et al. (2020) “Effect of Dietary Olive Cake Supplementation on Performance, Carcass
Characteristics, and Meat Quality of Beef Cattle,” Animals, 10(7), p. 1176. Available at:
https://doi.org/10.3390/ani110071176.

Cittadini, M.C. et al. (2020) “Evaluation of hazelnut and walnut oil chemical traits from
conventional cultivars and native genetic resources in a non-traditional crop environment from
Argentina,” European Food Research and Technology, 246(4), pp. 833—843. Available at:
https://doi.org/10.1007/s00217-020-03453-8.

Coderoni, S. and Perito, M. A. (2020) “Sustainable consumption in the circular economy. An
analysis of consumers’ purchase intentions for waste-to-value food,” Journal of Cleaner

Production, 252, p. 119870. Available at: https://doi.org/10.1016/j.jclepro.2019.119870.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato Ministero
dall'Unione europea dell'Universita

NextGenerationEU e della Ricerca

Costell, E., Tarrega, A. and Bayarri, S. (2010) “Food Acceptance: The Role of Consumer Perception
and Attitudes,” Chemosensory Perception, 3(1), pp. 42-50. Available at:
https://doi.org/10.1007/s12078-009-9057-1.

Cox, R. (2013) “Consumer Sensory Panels,” in C.R. Kerth (ed.) The Science of Meat Quality. 1st
ed. Wiley, pp. 233-248. Available at: https://doi.org/10.1002/9781118530726.ch13.

Daghio, M. et al. (2021) “A diet supplemented with hazelnut skin changes the microbial community
composition and the biohydrogenation pattern of linoleic acid in the rumen of growing lambs,”
Italian Journal of Animal Science, 20(1), pp. 1256—1263. Available at:
https://doi.org/10.1080/1828051X.2021.1955020.

D’Ambra, K. et al. (2025) “Hazelnut skin polyphenolic green extract as a promising natural
antioxidant in pork burgers: Assessment of quality parameters and consumer acceptance,” Food

Research International, 202, p. 115764. Available at: https://doi.org/10.1016/j.foodres.2025.115764.

D’Ambra, K., Minelli, G. and Lo Fiego, D.P. (2023) “Effect of hazelnut skin and dry tomato peel on
the oxidative stability, chemical and sensory properties of pork burgers during refrigerated storage,”
Food Packaging and Shelf Life, 38, p. 101107. Available at:
https://doi.org/10.1016/j.fps1.2023.101107.

De Vries, M. and De Boer, [.J.M. (2010) “Comparing environmental impacts for livestock products:
A review of life cycle assessments,” Livestock Science, 128(1-3), pp. 1-11. Available at:

https://doi.org/10.1016/j.1ivsci.2009.11.007.

Della Malva, A. et al. (2023) “Effect of hazelnut skin by-product supplementation in lambs’ diets:
Implications on plasma and muscle proteomes and first insights on the underlying mechanisms,”

Journal of Proteomics, 271, p. 104757. Available at: https://doi.org/10.1016/j.jprot.2022.104757.

Di Lorenzo, N. (2016) “Planning and Analyzing Digestibility Experiments,” in D.D. Millen, M. De
Beni Arrigoni, and R.D. Lauritano Pacheco (eds.) Rumenology. Cham: Springer International

Publishing, pp. 281-308. Available at: https://doi.org/10.1007/978-3-319-30533-2 11.

Diaz Vicuna, E. et al. (2025) “Exploring relationships among different sustainability aspects in
innovative livestock systems in Europe,” International Journal of Agricultural Sustainability, 23(1),

p. 2601486. Available at: https://doi.org/10.1080/14735903.2025.2601486.

Dijkstra, J. et al. (2020) “Review: Rumen sensors: data and interpretation for key rumen metabolic

processes,” Animal, 14, pp. s176—s186. Available at: https://doi.org/10.1017/S1751731119003112.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato / Ministero
dall'Unione europea dell'Universita

NextGenerationEU e della Ricerca

Ding, S. et al. (2017) “Effect of Propionibacterium freudenreichii in diets containing rapeseed or
flaxseed oil on in vitro ruminal fermentation, methane production and fatty acid biohydrogenation,”

Animal Production Science, 57(10), pp. 2051-2059. Available at: https://doi.org/10.1071/AN15878.

European Commission. (1998) COUNCIL DIRECTIVE 98/58/EC of 20 July 1998 concerning the
protection of animals kept for farming purposes. Available at:

http://data.europa.eu/eli/dir/1998/58/2019-12-14 (Accessed: January 15, 2026).

European Commission (2020a) Farm to Fork Strategy - Food Safety - European Commission.
Available at: https://food.ec.europa.eu/horizontal-topics/farm-fork-strategy en (Accessed: January

12, 2026).

European Commission (2020b) Farm to Fork Strategy - Food Safety - European Commission.
Available at: https://food.ec.europa.eu/horizontal-topics/farm-fork-strategy en (Accessed: March

18, 2026).

Fang, J. et al. (2016) “Effects of apple pomace-mixed silage on growth performance and meat
quality in finishing pigs,” Animal Science Journal, 87(12), pp. 1516—1521. Available at:
https://doi.org/10.1111/asj.12601.

Food and Chemical Toxicology (2008) “Safety and nutritional assessment of GM plants and derived
food and feed: The role of animal feeding trials,” 46, p. S1. Available at:
https://doi.org/10.1016/j.fct.2008.02.013.

Forte, C. (2022) “LIVE-HAZE, come 1’alimentazione dei ruminanti contribuisce alla circolarita
della filiera della nocciola,” Ruminantia - Web Magazine del mondo dei Ruminanti, 12 July.
Available at: https://archivio2023-2024.ruminantia.it/live-haze-come-lalimentazione-dei-ruminanti-

contribuisce-alla-circolarita-della-filiera-della-nocciola7-2/ (Accessed: March 18, 2026).

Galanakis, C.M. (2012) “Recovery of high added-value components from food wastes:
Conventional, emerging technologies and commercialized applications,” Trends in Food Science &

Technology, 26(2), pp. 68—87. Available at: https://doi.org/10.1016/j.tifs.2012.03.003.

Gerber, P.J. et al. (2015) “Environmental impacts of beef production: Review of challenges and
perspectives for durability,” Meat Science, 109, pp. 2—12. Available at:
https://doi.org/10.1016/j.meatsci.2015.05.013.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato Ministero
dall'Unione europea dell'Universita

NextGenerationEU e della Ricerca

Gomez-Garcia, R. ef al. (2021) “Valorisation of food agro-industrial by-products: From the past to
the present and perspectives,” Journal of Environmental Management, 299, p. 113571. Available at:
https://doi.org/10.1016/j.jenvman.2021.113571.

Gonzalez, N. et al. (2020) “Meat consumption: Which are the current global risks? A review of
recent (2010-2020) evidences,” Food Research International, 137, p. 109341. Available at:
https://doi.org/10.1016/j.foodres.2020.109341.

Guerrero, A. et al. (2013) “Some factors that affect ruminant meat quality: from the farm to
the fork. Review - doi: 10.4025/actascianimsci.v35i4.21756,” Acta Scientiarum. Animal Sciences,

35(4). Available at: https://doi.org/10.4025/actascianimsci.v3514.21756.

Gutkowska, K. et al. (2018) “Consumer perception of health properties and of other attributes of
beef as determinants of consumption and purchase decisions,” Roczniki Panstwowego Zaktadu

Higieny, 69(4), pp. 413—419. Available at: https://doi.org/10.32394/rpzh.2018.0048.

Hadidi, M. et al. (2024) “Plant-based proteins from agro-industrial waste and by-products: Towards
a more circular economy,” International Journal of Biological Macromolecules, 261, p. 129576.

Available at: https://doi.org/10.1016/j.ijbiomac.2024.129576.

Hajian, M. and Jangchi Kashani, S. (2021) “1 - Evolution of the concept of sustainability. From
Brundtland Report to sustainable development goals,” in C.M. Hussain and J.F. Velasco-Mufioz
(eds.) Sustainable Resource Management. Elsevier, pp. 1-24. Available at:
https://doi.org/10.1016/B978-0-12-824342-8.00018-3.

Hancz, C. ef al. (2024) “The Role of Insects in Sustainable Animal Feed Production for
Environmentally Friendly Agriculture: A Review,” Animals, 14(7), p. 1009. Available at:
https://doi.org/10.3390/ani14071009.

Hartmann, C. and Siegrist, M. (2017) “Consumer perception and behaviour regarding sustainable
protein consumption: A systematic review,” Trends in Food Science & Technology, 61, pp. 11-25.

Available at: https://doi.org/10.1016/.tifs.2016.12.006.

Henchion, M.M., McCarthy, M. and Resconi, V.C. (2017) “Beef quality attributes: A systematic
review of consumer perspectives,” Meat Science, 128, pp. 1-7. Available at:

https://doi.org/10.1016/j.meatsci.2017.01.006.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato #.7, Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Henry, B.K., Eckard, R.J. and Beauchemin, K.A. (2018) “Review: Adaptation of ruminant livestock
production systems to climate changes,” Animal, 12, pp. s445—s456. Available at:
https://doi.org/10.1017/S1751731118001301.

Henry, R.C. et al. (2019) “The role of global dietary transitions for safeguarding biodiversity,”
Global Environmental Change, 58, p. 101956. Available at:
https://doi.org/10.1016/j.gloenvcha.2019.101956.

Herrero, M. et al. (2016) “Greenhouse gas mitigation potentials in the livestock sector,” Nature

Climate Change, 6(5), pp. 452—461. Available at: https://doi.org/10.1038/nclimate2925.

Hocquette, J.-F. et al. (2018) “Current situation and future prospects for beef production in Europe
— A review,” Asian-Australasian Journal of Animal Sciences, 31(7), pp. 1017-1035. Available at:
https://doi.org/10.5713/ajas.18.0196.

Hocquette, J.-F. and Chatellier, V. (2011) “Prospects for the European beef sector over the next 30
years,” Animal Frontiers, 1(2), pp. 20-28. Available at: https://doi.org/10.2527/af.2011-0014.

Hoffmann, M. et al. (2024) “How do we feed our livestock? Knowledge, perceptions and
informational needs of the public and farmers in Germany,” Frontiers in Animal Science, 5.

Available at: https://doi.org/10.3389/fanim.2024.1473036.

Hornsey, M.J. et al. (2016) “Meta-analyses of the determinants and outcomes of belief in climate
change,” Nature Climate Change, 6(6), pp. 622—626. Available at:
https://doi.org/10.1038/nclimate2943.

Khairi, F., Maharani, C.P. and Aditya, F.A. (2025) “Sustainable Livestock Management: Strategies
for Enhancing Productivity While Reducing Environmental Impact,” The Journal of Academic

Science, 2(1), pp. 382-391. Available at: https://doi.org/10.59613/efybvy75.

Khan, M.1., Jo, C. and Tariq, M.R. (2015) “Meat flavor precursors and factors influencing flavor
precursors—A systematic review,” Meat Science, 110, pp. 278-284. Available at:

https://doi.org/10.1016/j.meatsci.2015.08.002.

Krol, K. et al. (2020) “Effect of Climate and Roasting on Polyphenols and Tocopherols in the
Kernels and Skin of Six Hazelnut Cultivars (Corylus avellana L.),” Agriculture, 10(2), p. 36.
Available at: https://doi.org/10.3390/agriculture10020036.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato “», Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Kruk, M. ef al. (2024) “By-product hazelnut seed skin characteristics and properties in terms of use
in food processing and human nutrition,” Scientific Reports, 14(1), p. 18835. Available at:
https://doi.org/10.1038/s41598-024-69900-8.

Kusmayadi, A. et al. (2021) “Microalgae as sustainable food and feed sources for animals and
humans — Biotechnological and environmental aspects,” Chemosphere, 271, p. 129800. Available

at: https://doi.org/10.1016/j.chemosphere.2021.129800.

Lassen, A.D., Christensen, L.M. and Trolle, E. (2020) “Development of a Danish Adapted Healthy
Plant-Based Diet Based on the EAT-Lancet Reference Diet,” Nutrients, 12(3), p. 738. Available at:
https://doi.org/10.3390/nu12030738.

Lawless, H.T. and Heymann, H. (2010) Sensory Evaluation of Food: Principles and Practices. New
York, NY: Springer New York (Food Science Text Series). Available at: https://doi.org/10.1007/978-
1-4419-6488-5.

Lebret, B. and Candek-Potokar, M. (2022) “Review: Pork quality attributes from farm to fork. Part
I. Carcass and fresh meat,” Animal, 16, p. 100402. Available at:
https://doi.org/10.1016/j.animal.2021.100402.

Lim, J. (2011) “Hedonic scaling: A review of methods and theory,” Food Quality and Preference, p.
S0950329311000954. Available at: https://doi.org/10.1016/j.foodqual.2011.05.008.

Luciano, A. et al. (2020) “Potentials and Challenges of Former Food Products (Food Leftover) as
Alternative Feed Ingredients,” Animals, 10(1), p. 125. Available at:
https://doi.org/10.3390/ani10010125.

Malenica, D., Kass, M. and Bhat, R. (2022) “Sustainable Management and Valorization of Agri-
Food Industrial Wastes and By-Products as Animal Feed: For Ruminants, Non-Ruminants and as

Poultry Feed,” Sustainability, 15(1), p. 117. Available at: https://doi.org/10.3390/sul5010117.

Maltin, C. et al. (2003) “Determinants of meat quality: tenderness,” Proceedings of the Nutrition
Society, 62(2), pp. 337-347. Available at: https://doi.org/10.1079/PNS2003248.

Menci, R. et al. (2023) “Feeding hazelnut skin to lambs delays lipid oxidation in meat,” Meat
Science, 202, p. 109218. Available at: https://doi.org/10.1016/j.meatsci.2023.109218.

Miraglia, D. et al. (2018) “Microbiological, chemical-physical and sensory characteristics of
Fabriano salami from pigs fed Oregano vulgaris extract,” ltalian Journal of Food Safety, 6(4).
Available at: https://doi.org/10.4081/ijfs.2017.6906.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Finanziato “», Ministero ‘

Mohammed, D. et al. (2023) “Analysis of the Antioxidant Activity, Lipid Profile, and Minerals of
the Skin and Seed of Hazelnuts (Corylus avellana L.), Pistachios (Pistacia vera) and Almonds
(Prunus dulcis)—A Comparative Analysis,” AppliedChem, 3(1), pp. 110-118. Available at:
https://doi.org/10.3390/appliedchem3010008.

Mota-Gutierrez, J. et al. (2024) “Socio-demographic and cross-country differences in attention to
sustainable certifications and changes in food consumption,” npj Science of Food, 8(1). Available

at: https://doi.org/10.1038/s41538-024-00274-x.

Mota-Gutierrez, J. et al. (2025) “Consumers’ attitudes, perceptions and willingness to try hazelnut
skins-fed beef,” Meat Science, 219, p. 109687. Available at:
https://doi.org/10.1016/j.meatsci.2024.109687.

Mottet, A. et al. (2017) “Livestock: On our plates or eating at our table? A new analysis of the
feed/food debate,” Global Food Security, 14, pp. 1-8. Available at:
https://doi.org/10.1016/j.gfs.2017.01.001.

Musati, M. ef al. (2024a) “Dietary combination of linseed and hazelnut skin as a sustainable
strategy to enrich lamb with health promoting fatty acids,” Scientific Reports, 14(1), p. 10133.
Available at: https://doi.org/10.1038/s41598-024-60303-3.

Musati, M. et al. (2024b) “Dietary combination of linseed and hazelnut skin as a sustainable
strategy to enrich lamb with health promoting fatty acids,” Scientific Reports, 14(1), p. 10133.
Available at: https://doi.org/10.1038/s41598-024-60303-3.

Musati, M. ef al. (2025) “Dietary hazelnut skin prevents lipid oxidation in lamb enriched in omega-
3 polyunsaturated fatty acids,” Meat Science, 225, p. 109811. Available at:
https://doi.org/10.1016/j.meatsci.2025.109811.

Nieto, G. ef al. (2010) “Dietary administration of ewe diets with a distillate from rosemary leaves
(Rosmarinus officinalis L.): Influence on lamb meat quality,” Meat Science, 84(1), pp. 23-29.
Available at: https://doi.org/10.1016/j.meatsci.2009.08.001.

Nute, G.R. (2002) “Sensory analysis of meat,” Meat Processing: Improving Quality. Woodhead
Publishing Series in Food Science, Technology and Nutrition, pp. 175-192.

OECD and Food and Agriculture Organization of the United Nations (2019) OECD-FAO
Agricultural Outlook 2019-2028. OECD Publishing (OECD-FAO Agricultural Outlook). Available
at: https://doi.org/10.1787/agr outlook-2019-en.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato #.7, Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Ojediran, T.K., Olofintuyi, O.S. and Ojediran, T.J. (2024) “Alternative feed resources in the era of
climate change: A review,” Aceh Journal of Animal Science, 9(3), pp. 98—110. Available at:
https://doi.org/10.13170/ajas.9.3.37655.

Ollani, S., Peano, C. and Sottile, F. (2024) “Recent Innovations on the Reuse of Almond and
Hazelnut By-Products: A Review,” Sustainability, 16(6), p. 2577. Available at:
https://doi.org/10.3390/sul6062577.

Onasanya, G.O. et al. (2015) “Parameters Influencing Haematological, Serum and Bio-Chemical
References in Livestock Animals under Different Management Systems,” Open Journal of

Veterinary Medicine, 05(08), pp. 181-189. Available at: https://doi.org/10.4236/0jvm.2015.58025.

Ornelas Herrera, S.I. ef al. (2025) “The role of environmental attitudes and consumption patterns in
consumers’ preferences for sustainable food from circular farming system: a six EU case studies,”
Agricultural and Food Economics, 13(1), p. 7. Available at: https://doi.org/10.1186/s40100-025-
00350-0.

Orzuna-Orzuna, J. et al. (2021) “Effects of Dietary Tannins’ Supplementation on Growth
Performance, Rumen Fermentation, and Enteric Methane Emissions in Beef Cattle: A Meta-

Analysis,” Sustainability, 13(13), p. 7410. Available at: https://doi.org/10.3390/su13137410.

Owens, F.N. and Hanson, C.F. (1992) “External and Internal Markers for Appraising Site and
Extent of Digestion in Ruminants,” Journal of Dairy Science, 75(9), pp. 2605-2617. Available at:
https://doi.org/10.3168/jds.S0022-0302(92)78023-0.

Ozdemir, K.S. et al. (2014) “Hazelnut skin powder: A new brown colored functional ingredient,”
Food Research International, 65, pp. 291-297. Available at:
https://doi.org/10.1016/j.foodres.2014.01.060.

Paraskevopoulou, C. ef al. (2020) “Sustainability Assessment of Goat and Sheep Farms: A
Comparison between European Countries,” Sustainability, 12(8), p. 3099. Available at:
https://doi.org/10.3390/su12083099.

Parlasca, M.C. and Qaim, M. (2022) “Meat Consumption and Sustainability,” Annual Review of
Resource Economics, 14(1), pp. 17-41. Available at: https://doi.org/10.1146/annurev-resource-
111820-032340.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato “», Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Piekarska-Radzik, L. and Klewicka, E. (2021) “Mutual influence of polyphenols and Lactobacillus
spp. bacteria in food: a review,” European Food Research and Technology, 247(1), pp. 9-24.
Available at: https://doi.org/10.1007/s00217-020-03603-y.

Pinotti, L. et al. (2023) “Effects of alternative feed ingredients on red meat quality: a review of
algae, insects, agro-industrial by-products and former food products,” Italian Journal of Animal

Science, 22(1), pp. 695-710. Available at: https://doi.org/10.1080/1828051X.2023.2238784.

Poore, J. and Nemecek, T. (2018) “Reducing food’s environmental impacts through producers and
consumers,” Science, 360(6392), pp. 987-992. Available at:
https://doi.org/10.1126/science.aaq0216.

Prates, J.A.M. (2025) “Enhancing Meat Quality and Nutritional Value in Monogastric Livestock
Using Sustainable Novel Feed Ingredients,” Foods, 14(2), p. 146. Available at:
https://doi.org/10.3390/foods14020146.

Rajic, S. et al. (2022) “Quality Multiverse of Beef and Pork Meat in a Single Score,” Foods, 11(8),
p. 1154. Available at: https://doi.org/10.3390/foods11081154.

Ratu, R.N. et al. (2023) “Application of Agri-Food By-Products in the Food Industry,” Agriculture,
13(8), p. 1559. Available at: https://doi.org/10.3390/agriculture13081559.

Renna, M. et al. (2020) “Evaluating the Suitability of Hazelnut Skin as a Feed Ingredient in the Diet
of Dairy Cows,” Animals, 10(9), p. 1653. Available at: https://doi.org/10.3390/ani10091653.

Resurreccion, A.V.A. (2004) “Sensory aspects of consumer choices for meat and meat products,”

Meat Science, 66(1), pp. 11-20. Available at: https://doi.org/10.1016/S0309-1740(03)00021-4.

Ritchie, H. (2020) “Greenhouse gas emissions,” Qur World in Data [Preprint]. Available at:

https://ourworldindata.org/greenhouse-gas-emissions (Accessed: March 19, 2026).

Rondanelli, M. ef al. (2023) “Phytoextracts for Human Health from Raw and Roasted Hazelnuts
and from Hazelnut Skin and Oil: A Narrative Review,” Nutrients, 15(11), p. 2421. Available at:
https://doi.org/10.3390/nu15112421.

Rovers, A., Christoph-Schulz, I. and Briimmer, N. (2019) “Citizens’ Perception of Different Aspects
Regarding German Livestock Production,” International Journal on Food System Dynamics, 10(4),

pp. 361-374. Available at: https://doi.org/10.18461/1jfsd.v1014.24.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Finanziato “», Ministero ‘

Ruiz-Capillas, C. et al. (2021) “Sensory Analysis and Consumer Research in New Meat Products
Development,” Foods, 10(2), p. 429. Available at: https://doi.org/10.3390/foods10020429.

Ruiz-Capillas, C. and Herrero, A.M. (2021) “Sensory Analysis and Consumer Research in New
Product Development,” Foods, 10(3), p. 582. Available at: https://doi.org/10.3390/foods10030582.

Sadh, P.K., Duhan, S. and Duhan, J.S. (2018) “Agro-industrial wastes and their utilization using
solid state fermentation: a review,” Bioresources and Bioprocessing, 5(1), p. 1. Available at:

https://doi.org/10.1186/s40643-017-0187-z.

Saeidnia, S., Manayi, A. and Abdollahi, M. (2015) “From in vitro Experiments to in vivo and
Clinical Studies; Pros and Cons,” 12(4), pp. 218-224. Available at:
https://doi.org/10.2174/1570163813666160114093140.

Salami, S.A. et al. (2016) “Review: In vivo and postmortem effects of feed antioxidants in
livestock: a review of the implications on authorization of antioxidant feed additives,” Animal,

10(8), pp. 1375-1390. Available at: https://doi.org/10.1017/S1751731115002967.

Sanchez-Sabate, R. and Sabatg, J. (2019) “Consumer Attitudes Towards Environmental Concerns of
Meat Consumption: A Systematic Review,” International Journal of Environmental Research and

Public Health, 16(7), p. 1220. Available at: https://doi.org/10.3390/ijerph16071220.

Seymour, E.M. et al. (2010) “Whole Grape Intake Impacts Cardiac Peroxisome Proliferator-
Activated Receptor and Nuclear Factor kB Activity and Cytokine Expression in Rats With Diastolic
Dysfunction,” Hypertension, 55(5), pp. 1179—1185. Available at:
https://doi.org/10.1161/HYPERTENSIONAHA.109.149393.

Sharif, M.K. ef al. (2017) “Sensory Evaluation and Consumer Acceptability,” Handbook of Food

Science and Technology.

Steurer, R., Berger, G. and Hametner, M. (2010) “The vertical integration of Lisbon and sustainable
development strategies across the EU: How different governance architectures shape the European
coherence of policy documents,” Natural Resources Forum, 34(1), pp. 71-84. Available at:

https://doi.org/10.1111/.1477-8947.2010.01272 x.

Stratton, M.L. and Rechcigl, J.E. (1998) “Agronomic Benefits of Agricultural, Municipal, and
Industrial By-Products and Their Co-Utilization: An Overview,” in S. Brown, J.S. Angle, and L.
Jacobs (eds.) Beneficial Co-Utilization of Agricultural, Municipal and Industrial by-Products.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato #.7, Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Dordrecht: Springer Netherlands, pp. 9-34. Available at: https://doi.org/10.1007/978-94-011-5068-
2 2.

Sun, X. et al. (2022) “Altering Methane Emission, Fatty Acid Composition, and Microbial Profile
during In Vitro Ruminant Fermentation by Manipulating Dietary Fatty Acid Ratios,” Fermentation,

8(7), p. 310. Available at: https://doi.org/10.3390/fermentation8070310.

Tas, N.G. and Gokmen, V. (2015) “Bioactive compounds in different hazelnut varieties and their
skins,” Journal of Food Composition and Analysis, 43, pp. 203-208. Available at:
https://doi.org/10.1016/j.jfca.2015.07.003.

Tavendale, M.H. et al. (2005) “The effects of condensed tannins from Dorycnium rectum on skatole
and indole ruminal biogenesis for grazing sheep,” Australian Journal of Agricultural Research,

56(12), pp. 1331-1337. Available at: https://doi.org/10.1071/AR04232.

Terry, S.A. et al. (2021) “Strategies to improve the efficiency of beef cattle production,” Canadian
Journal of Animal Science. Edited by F. Miglior, 101(1), pp. 1-19. Available at:
https://doi.org/10.1139/cjas-2020-0022.

Trovato, R. et al. (2025) “Incorporation of hazelnut skin green extract in pork burgers delays lipid
oxidation during cooking and in vitro digestion,” Journal of the Science of Food and Agriculture,

105(14), pp. 7881-7889. Available at: https://doi.org/10.1002/jsfa.70039.

Valenti, B. et al. (2018) “Dried tomato pomace supplementation to reduce lamb concentrate intake:
Effects on growth performance and meat quality,” Meat Science, 145, pp. 63—70. Available at:
https://doi.org/10.1016/j.meatsci.2018.06.009.

Van Hal, O. ef al. (2019) “Accounting for feed-food competition in environmental impact
assessment: Towards a resource efficient food-system,” Journal of Cleaner Production, 240, p.

118241. Available at: https://doi.org/10.1016/j.jclepro.2019.118241.

Van Zanten, H.H.E. et al. (2018) “Defining a land boundary for sustainable livestock consumption,”

Global Change Biology, 24(9), pp. 4185-4194. Available at: https://doi.org/10.1111/gcb.14321.

Vasta, V. and Luciano, G. (2011) “The effects of dietary consumption of plants secondary
compounds on small ruminants’ products quality,” Small Ruminant Research, 101(1-3), pp. 150—

159. Available at: https://doi.org/10.1016/j.smallrumres.2011.09.035.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



Finanziato #.7, Ministero 5 q
dall'Unione europea dell'Universita Italiadomani

NextGenerationEU e della Ricerca

Vastolo, A. et al. (2024) “Editorial: Alternative and novel livestock feed: reducing environmental
impact,” Frontiers in Veterinary Science, 11, p. 1441905. Available at:
https://doi.org/10.3389/fvets.2024.1441905.

WCED (1987) Report of the World Commission on Environment and Development: Our Common
Future. Oslo (NO): World Commission on Environment and Development, United Nations.

Available at: http://www.un-documents.net/a42-427.htm (Accessed: February 10, 2026).

Xu, Y. et al. (2023) “Spatial patterns in pollution discharges from livestock and poultry farm and the
linkage between manure nutrients load and the carrying capacity of croplands in China,” Science of
The Total Environment, 901, p. 166006. Available at:
https://doi.org/10.1016/j.scitotenv.2023.166006.

Yang, K. ef al. (2021) “By-Product Feeds: Current Understanding and Future Perspectives,”
Agriculture, 11(3), p. 207. Available at: https://doi.org/10.3390/agriculture11030207.

Yang, M. et al. (2023) “Circular economy strategies for combating climate change and other
environmental issues,” Environmental Chemistry Letters, 21(1), pp. 55-80. Available at:

https://doi.org/10.1007/s10311-022-01499-6.

Zhao, J.X. et al. (2018) “Effect of dietary grape pomace on growth performance, meat quality and
antioxidant activity in ram lambs,” Animal Feed Science and Technology, 236, pp. 76—85. Available
at: https://doi.org/10.1016/j.anifeedsci.2017.12.004.

Borsa di dottorato cofinanziata con risorse dell’Unione europea — Next Generation EU - Piano
Nazionale di Ripresa e Resilienza



