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Featured Application

The integrated artificial intelligence (AI)–omics–analytical framework proposed in this
review can guide the design of next-generation precision feeding systems capable of
real-time feed evaluation and adaptive diet formulation, supporting more efficient and
environmentally sustainable poultry production.

Abstract

Sustainable poultry nutrition is increasingly challenged by feed variability, environmental
constraints, resource competition, and the growing demand for precision feeding strategies.
Conventional feed evaluation systems based on proximate analysis, static nutrient tables,
and empirical formulation are often insufficient to predict the biological and functional
value of modern sustainable feed resources. This critical integrative review examines
emerging approaches for evaluating and optimizing sustainable feeds in poultry nutri-
tion through the integration of advanced analytical technologies, biological validation
systems, omics sciences, and artificial intelligence (AI). This review was developed as a
structured narrative review following a Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA)-inspired workflow and organized around an integrated
AI–omics–feed evaluation framework. Recent advances in spectroscopy-based analytical
techniques, in vitro digestibility systems, microbiomics, metabolomics, nutrigenomics, ma-
chine learning, and predictive modeling are discussed in relation to feed characterization,
nutrient utilization, host–microbiota interactions, and precision nutrition, with emphasis on
the transition from static compositional assessment toward dynamic, system-oriented feed
evaluation. Explainability, biological validation, and generalizability of AI-based models
across heterogeneous production systems are highlighted as key challenges for practical
implementation, alongside emerging frontiers in AI-driven nutritional decision-support.
Integrating analytical, biological, molecular, and computational approaches may support
adaptive precision nutrition systems capable of improving nutrient efficiency, reducing
environmental emissions, and optimizing sustainable poultry production.

Keywords: sustainable poultry nutrition; feed evaluation; precision nutrition; artificial
intelligence; omics technologies; near-infrared spectroscopy; predictive modeling; feed
variability; microbiomics; circular bioeconomy
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1. Introduction
The global poultry sector is facing increasing pressure to simultaneously improve pro-

duction efficiency, reduce environmental impact, and ensure long-term feed sustainability.
Poultry meat and eggs remain among the fastest-growing animal protein sources world-
wide because of their relatively high feed conversion efficiency and economic accessibility.
However, the intensification of poultry production has also increased the need to address
the environmental and resource-use challenges associated with modern feeding systems.
In parallel, climate-related variability, market volatility, and the expansion of the biofuel
industry have further increased pressure on global feed supply chains [1]. Consequently,
sustainable poultry nutrition is increasingly shifting toward the incorporation of alternative
feed resources, circular bioeconomy strategies, and precision feeding approaches.

In recent years, sustainable feed resources have attracted increasing attention as poten-
tial partial substitutes for conventional feed ingredients, reflecting the growing interest in
improving the sustainability and resilience of poultry production. These strategies aim to
improve resource efficiency, reduce nutrient losses, and enhance the overall sustainability
of poultry feeding systems [2]. At the same time, the growing diversity of sustainable feed
resources has increased the complexity of feed evaluation, as alternative ingredients often
differ substantially from conventional feedstuffs in their nutritional characteristics and
biological behavior [3].

Poultry nutrition has traditionally relied on proximate analysis, wet chemistry pro-
cedures, nutrient composition tables, and static formulation systems. These conventional
methodologies have long provided the foundation for routine feed evaluation in poultry
nutrition [4]. Although these methodologies remain essential for routine feed character-
ization, they provide only limited information on nutrient digestibility and utilization.
They also fail to capture the biological responses that ultimately determine animal perfor-
mance [5]. Likewise, in vivo digestibility assays remain the biological reference method but
are expensive, labor-intensive, time-consuming, and poorly suited for rapid feed quality
assessment under commercial conditions.

As poultry diets have incorporated an increasingly diverse range of sustainable feed
resources, the limitations of conventional evaluation approaches have become progressively
more evident [3–5]. These limitations highlight the need for more integrated strategies
capable of accurately assessing nutritional value under practical production conditions.
Consequently, modern poultry nutrition requires feed evaluation strategies that integrate
complementary sources of information rather than relying solely on compositional analysis.
Advanced analytical technologies, biological validation systems, omics sciences, and data-
driven approaches provide distinct yet interconnected perspectives for characterizing feed
resources and predicting nutritional responses [1,4,6–15].

Despite the considerable progress achieved in each of these research areas, current
evidence remains largely fragmented. Important connections between feed variabil-
ity, advanced feed characterization, biological validation, predictive interpretation, and
sustainability-oriented precision nutrition are still insufficiently addressed in the current
literature. Consequently, comprehensive frameworks integrating these complementary
disciplines for sustainable feed evaluation remain scarce.

Therefore, the aim of the present review is to critically examine innovative approaches
for the evaluation and optimization of sustainable feeds in poultry nutrition through an
integrated framework. Rather than considering advanced analytical technologies, biolog-
ical assessment, omics sciences, and artificial intelligence (AI) as independent research
domains, this review examines how these complementary approaches can be combined
to improve the evaluation of sustainable feed resources and support more informed nutri-
tional decision-making. By critically discussing their respective contributions, limitations,
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and practical applicability, this review proposes an integrated framework intended to
support the development of sustainability-oriented precision poultry nutrition.

The conceptual framework underpinning this review is illustrated in Figure 1. It
summarizes how information derived from sustainable feed resources, advanced analytical
and in vitro technologies, animal responses, omics technologies, and production systems
can be integrated within an AI-supported framework to facilitate explainable interpretation,
evidence-based nutritional decision-making, and precision poultry nutrition. Rather than
representing an established operational platform, the framework illustrates a conceptual
model highlighting interoperability, transparency, scalability, and iterative learning as
desirable components for the future development of integrated feed evaluation systems.

Figure 1. Integrated conceptual framework proposed in this review for the evaluation and optimiza-
tion of sustainable feed resources in poultry nutrition. Information derived from sustainable feed
resources, advanced analytical and in vitro technologies, animal responses, omics technologies, and
production systems can be integrated within an AI-supported framework to facilitate explainable
interpretation, evidence-based nutritional decision-making, and precision poultry nutrition. The
framework conceptually illustrates how iterative feedback from biological responses and produc-
tion outcomes may support continuous refinement, while interoperability, digital infrastructure,
transparency, and scalability are highlighted as desirable components for the future development of
integrated AI-assisted feed evaluation systems.

2. Methodological Approach
2.1. Review Design and Thematic Literature Search Strategy

This review was designed as a critical integrative review supported by a structured
narrative synthesis and a PRISMA-inspired workflow. This methodological approach
was selected because the available evidence spans heterogeneous experimental designs,
analytical technologies, in vitro models, omics approaches, and AI applications that cannot
be meaningfully synthesized using conventional meta-analytic methods [16–18].

A total of 355 records were initially organized across the thematic literature folders.
After duplicate removal, relevance screening, and eligibility assessment, 84 studies were
retained for the final qualitative synthesis and included in the reference list.

Searches were conducted using Scopus, Web of Science, PubMed, and Google Scholar.
The systematic literature search covered publications from January 2000 to March 2026, with
the final database search performed in March 2026. Earlier publications were additionally
included only when they represented seminal methodological or conceptual contributions
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essential for interpreting more recent developments. Scopus served as the primary source
for literature identification, whereas Web of Science, PubMed, and Google Scholar were
used to identify additional relevant studies and improve literature coverage.

Specific search strategies were developed for each thematic area to ensure broad
coverage of the methodological approaches involved in sustainable poultry feed evalua-
tion. The overall thematic organization of the literature retrieval process is summarized
in Table 1.

Table 1. Thematic literature search strategy adopted for literature retrieval.

Thematic Area Objective Representative Search Concepts

Sustainable feed resources
Identify studies on alternative feed

ingredients and sustainable
feeding strategies.

Alternative feed resources; insect
meal; microalgae; single-cell protein;
fermentation; circular bioeconomy;

sustainable feed

Advanced analytical
technologies

Retrieve studies on analytical methods for
feed characterization and

nutrient evaluation.

NIR; MIR; hyperspectral imaging;
chemometrics; feed evaluation;

digestibility; ME

Biological validation
(In vitro models)

Identify studies validating analytical
predictions through biological assays.

In vitro digestion; digestibility; ME;
amino acid digestibility; biological

validation

Omics technologies Retrieve studies investigating host–feed
interactions using omics approaches.

Metabolomics; transcriptomics;
proteomics; microbiome;

nutrigenomics; systems biology

AI and predictive modelling Identify studies applying AI to poultry
nutrition and feed evaluation.

AI; machine learning; deep learning;
artificial neural networks; predictive

modelling; computer vision

Precision poultry nutrition Retrieve studies integrating predictive
models into nutritional decision-making.

Precision nutrition; nutrient
optimization; feed formulation;

decision support systems

Precision Livestock Farming
Identify studies on digital technologies

supporting poultry management
and monitoring.

Precision livestock farming; IoT;
digital twin; smart farming;

real-time monitoring

Note: The literature search was organized around the main scientific themes addressed in this review.
The representative search concepts illustrate the principal keywords and thematic combinations
used to retrieve the literature within each research area. Abbreviations: Spectroscopy; Near-Infrared
(NIR); Mid-Infrared (MIR); hyperspectral imaging; chemometrics; feed evaluation; digestibility;
metabolizable energy (ME); Internet of Things (IoT).

2.2. Search Strategy and Eligibility

Eligible studies included peer-reviewed original research and review articles relevant
to sustainable feed evaluation in Gallus gallus. Studies addressing advanced analytical
methods, biological validation, omics technologies, AI, and related applications in poultry
nutrition were considered for inclusion. Studies on non-avian species without direct
relevance, pharmacological interventions, conference abstracts, unpublished theses, and
papers based exclusively on conventional proximate analysis were excluded.

All stages of literature screening, eligibility assessment, data extraction, and critical
appraisal were performed by the author. After duplicate removal, the records were screened
by title and abstract and subsequently evaluated in full text. Additional references were
identified through backward citation tracking of relevant publications.

No formal quality-scoring system was applied. The literature was evaluated according
to study design, methodological soundness, reproducibility, biological relevance, and
consistency with the objectives of this review.
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The evidence was synthesized according to the principal scientific questions addressed
throughout this review. The findings derived from analytical methods, biological models,
omics technologies, and computational approaches were considered together when they
contributed to the interpretation of the same scientific problem. The narrative synthesis
follows the progression adopted throughout this manuscript, moving from sustainable
feed resources and analytical characterization to biological validation, omics technologies,
AI, and their application to precision poultry nutrition.

The literature identification, screening, eligibility assessment, and study selection
process adopted in this review is summarized in Figure 2.

Figure 2. PRISMA-inspired workflow for literature identification, screening, refinement, and integra-
tive synthesis.

3. Sustainability Challenges and Alternative Feed Resources
3.1. Sustainability Challenges in Poultry Feeding Systems

The increasing adoption of sustainable feed resources reflects the broader effort to
improve the environmental sustainability, resource-use efficiency, and resilience of poultry
production systems [19]. This transition has introduced a level of biological and nutritional
complexity rarely encountered in conventional poultry feeding systems. Unlike traditional
corn–soybean-based diets, which rely on relatively standardized ingredients, sustainable
feeding strategies may incorporate raw materials whose nutritional value is shaped by
multiple interacting factors. As a result, feed evaluation has become progressively more
challenging because ingredient composition alone no longer provides sufficient information
to accurately predict nutritional performance under practical production conditions [1].

International organizations have emphasized the need to transform agrifood systems
by improving resource-use efficiency, strengthening resilience, and reducing environmental
impacts throughout the food production chain [20]. In this context, circular bioeconomy
strategies have promoted the valorization of industrial and agricultural by-products as
potential feed resources, provided that their nutritional adequacy, safety, and biological
effectiveness are appropriately evaluated before practical implementation [21]. Achieving
these objectives, however, requires accounting for the intrinsic heterogeneity of sustainable
feed resources. Their nutritional characteristics are influenced by geographical origin, geno-
type, agronomic practices, industrial processing, microbial transformations, and storage
conditions. Evidence from cereal-based feeding systems illustrates the practical implica-
tions of this variability. Studies on wheat have demonstrated that differences in physical
and chemical grain characteristics can substantially influence energy availability for poul-
try, increasing the risk of over- or under-formulation when average nutritional values are
applied [1]. Similarly, experimental comparisons among corn sources from different geo-
graphical origins have identified differences in feed intake, feed conversion ratio (FCR), and
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phosphorus digestibility despite only modest differences in proximate composition [22].
These findings indicate that ingredient provenance may influence nutritional responses
beyond conventional compositional descriptors.

These observations indicate that the challenge is not simply the introduction of new
feed ingredients, but the growing difficulty of accurately estimating their nutritional value
under variable production conditions. As feed resources become increasingly heteroge-
neous, their biological value reflects the combined influence of intrinsic compositional
characteristics and the environmental and technological factors acting throughout the
production chain. Consequently, feed variability should be regarded as an inherent
feature of modern poultry feeding systems rather than as a characteristic restricted to
novel ingredients.

These factors do not represent isolated sources of variation. Instead, they interact
to determine nutrient availability, digestibility, and overall feeding value. Consequently,
nutritional evaluation becomes progressively less reliable when based exclusively on
average compositional descriptors. Understanding sustainable feed resources therefore
requires considering the context in which feed ingredients are produced, processed, stored,
and utilized, rather than interpreting their nutritional value as a fixed property of chemical
composition alone [1,22].

Figure 3 summarizes the principal sources of variability affecting sustainable feed
resources and illustrates how environmental conditions, processing history, storage stability,
and structural characteristics collectively contribute to feed complexity and nutritional
uncertainty. This conceptual framework highlights why conventional feed evaluation alone
is often insufficient and provides the rationale for biologically integrated approaches to
nutritional assessment.

Figure 3. Conceptual illustration of the principal sources of variability affecting sustainable feed
resources, showing how environmental conditions, processing history, storage stability, and structural
characteristics collectively contribute to feed complexity and nutritional uncertainty.
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3.2. Biological Complexity of Sustainable Feed Resources

Grain legumes illustrate how the nutritional value of sustainable feed resources ex-
tends beyond their chemical composition. Field peas and faba beans have been extensively
investigated as protein-rich alternatives to soybean meal in broiler diets, yet their feeding
value consistently depends on factors such as nutrient digestibility, anti-nutritional com-
pounds, and the physiological stage of the animal [23]. Similar conclusions emerged from
the work of Kandel et al. [24], who reported that replacing soybean meal with field peas
in wheat-based diets affected growth performance, carcass characteristics, and nutrient
digestibility despite comparable formulation objectives. Processing further contributes
to this complexity. Soares et al. [25] showed that crimping and ensiling modified phytate
degradation and pre-cecal phosphorus digestibility in faba beans, demonstrating that tech-
nological interventions can substantially alter the biological value of the same raw material.
Taken together, these studies indicate that grain legumes should not be considered nutri-
tionally uniform protein ingredients, as their feeding value reflects the combined influence
of genotype, processing, and digestive responses.

A different pattern emerges for fermented agro-industrial co-products, where variabil-
ity is generated primarily by biological transformation rather than by the original substrate
itself. Solid-state fermentation of olive cake, for example, has been shown to modify
both the chemical composition and the functional characteristics of this agro-industrial
residue [26]. These findings highlight the capacity of microbial activity to modify the
compositional profile and potential feeding value of low-value by-products. At the same
time, the nutritional characteristics of the final product depend on multiple interacting
factors, including substrate composition, microbial ecology, moisture, fermentation time,
and post-processing stability. Consequently, identical starting materials may yield prod-
ucts with markedly different nutritional properties. In this case, the fermentation process
becomes an integral component of the nutritional value of the ingredient itself.

Protein ingredients recovered from animal by-products further illustrate the impor-
tance of technological standardization and quality control. Raw hide trimmings have been
proposed as high-protein feed ingredients within circular bioeconomy systems, with partic-
ular attention to protein recovery, heavy-metal safety, and production costs [21]. Likewise,
broiler feather hydrolysates have been developed through chemical hydrolysis to release
amino acids and peptides from keratin-rich biomass while converting low-value residues
into potentially valuable feed resources [27]. These examples show that the nutritional
characteristics of recovered proteins depend largely on the effectiveness and reproducibility
of the recovery process rather than on the original source material alone. As a result,
technological processing becomes a major determinant of ingredient quality.

In parallel with technological innovation, environmental safety assessment has become
an integral component of sustainable feed evaluation. The European Food Safety Authority
(EFSA) guidelines emphasize that feed additive assessment should consider predicted
environmental concentrations, persistence, bioaccumulation potential, ecotoxicological
effects, and possible impacts on non-target terrestrial and aquatic compartments [28]. These
recommendations indicate that the development of sustainable feed systems requires the
integration of nutritional, safety, and environmental risk assessment.

Insect-derived feed resources introduce yet another source of complexity because
nutritional variability may originate well before feed manufacture begins. Black soldier
fly larvae have attracted considerable interest as sustainable protein sources for poultry
nutrition, but the characteristics of the resulting biomass are closely associated with rearing
substrate, environmental conditions, larval development, and management practices. Ma-
chine learning approaches have shown that these interacting variables influence biomass
production efficiency and may contribute to improving production management [29].
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Consequently, the nutritional characteristics of insect-derived ingredients are expected
to depend on the entire production system rather than on the harvested biomass alone,
although broader biological validation remains necessary before these relationships can
be generalized.

The same principle also applies to ingredients traditionally regarded as nutritionally
consistent. Comparisons among corn sources from different geographical origins revealed
differences in feed intake, FCR, carcass weight, and phosphorus digestibility despite only
modest differences in conventional chemical composition [22]. Likewise, studies comparing
corn hybrids identified relationships between grain protein concentration, vitreousness,
arabinose ratio, protein solubility index, and nutrient digestibility [3]. These findings
indicate that structural grain characteristics may substantially influence feeding value.
These observations show that biologically relevant variability is not restricted to novel feed
resources but also affects conventional ingredients that are frequently considered nutrition-
ally standardized. More importantly, they indicate that comparable compositional profiles
do not necessarily translate into equivalent feeding value, emphasizing that analytical
measurements acquire their full nutritional significance only when interpreted within their
biological context.

Although the mechanisms responsible for variability differ among feed categories, a
consistent pattern emerges from the available literature. Different categories of sustainable
feed resources are characterized by distinct sources of biological variability. Grain legumes
are mainly affected by genotype, anti-nutritional factors, and processing; fermented co-
products by microbial transformation; recovered animal proteins by technological standard-
ization and safety control; insect-derived ingredients by biomass production conditions;
and cereal grains by intrinsic structural characteristics. Together, these studies indicate that
the feeding value of sustainable feed resources reflects the interaction of biological and
technological factors rather than any single compositional attribute. Within the literature
considered in this review, however, the strength and maturity of the available evidence
are not uniform across feed categories. Grain legumes and conventional cereal grains
are supported by the most extensive in vivo evidence linking ingredient variability to
nutrient digestibility and animal performance. In contrast, the evidence discussed here for
fermented agro-industrial co-products and recovered animal proteins relies predominantly
on compositional characterization and technological process evaluation, while the evidence
available for insect-derived ingredients primarily addresses production-system variability
and therefore still requires broader biological validation before nutritional functionality can
be generalized. Consequently, the level of analytical complexity required for feed evalua-
tion should be interpreted in light of the maturity of the available evidence. Feed categories
characterized by greater biological and technological heterogeneity require proportionally
stronger biological validation before reliable nutritional conclusions can be drawn. This
emerging complexity also has an important methodological implication. As sustainable
feed resources become increasingly heterogeneous, compositional characterization alone
may no longer be sufficient to fully explain their nutritional behavior. Broader approaches
to feed evaluation are therefore required.

Table 2 provides an overview of the major sources of compositional and biological
variability affecting different categories of alternative feed ingredients used in poultry nutri-
tion. The table also highlights the main nutritional uncertainties and analytical challenges
associated with each feed category, emphasizing why conventional static feed evaluation
systems are frequently insufficient for accurately predicting biological functionality and
nutrient utilization.
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Table 2. Major sources of variability and analytical challenges associated with sustainable feed
resources in poultry nutrition.

Feed Resource
Category

Main Source
of Variability

Main Nutritional
Uncertainty

Main Analytical
or Biological

Challenge
References

Corn and cereal
grains

Geographical origin,
hybrid/genotype,
starch structure,

storage conditions

AME, starch
digestibility,
phosphorus

availability, feed
efficiency

Predicting
biologically available

energy beyond
average tabulated

values

[3,5,22,30]

Soybean meal and
oilseed meals

Origin, processing
intensity, protein

quality, fiber fraction

Digestible amino
acids, ME, protein

availability

Rapid
origin-sensitive

characterization and
amino acid
prediction

[4,31]

Grain legumes

Genotype,
processing, phytate
and anti-nutritional

factors

Amino acid
digestibility,
phosphorus
availability,

performance
consistency

Biological validation
of replacement
strategies and

phytate degradation

[23,25]

Fermented/
co-product resources

Substrate
composition,

microbial process,
fermentation

conditions

Nutrient accessibility,
functional

metabolites, batch
consistency

Linking
compositional
changes with

digestibility and
safety

[26,32]

Circular
animal-origin

proteins

Waste source,
hydrolysis process,

safety profile

Protein digestibility,
amino acid
availability,

contaminant risk

Safety assessment
and processing
reproducibility

[21,27,33]

Insect-derived
biomass

Rearing substrate,
environmental

conditions, larval
stage, processing

Protein quality, lipid
stability, structural

components

Standardization of
upstream production

and feed
functionality

[29]

Abbreviation: Apparent Metabolizable Energy (AME).

3.3. Implications of Feed Variability for Nutritional Evaluation

Conventional feed evaluation systems remain the cornerstone of ingredient characteri-
zation and diet formulation in poultry nutrition. Proximate analysis, nutrient composition
tables, and ME systems continue to provide the essential basis for comparing feed in-
gredients and supporting practical nutritional decisions. However, the increasing use
of sustainable feed resources has expanded the objectives of feed evaluation beyond the
accurate description of chemical composition. Modern feed evaluation is now expected to
explain how analytical measurements relate to nutrient availability, physiological responses,
and overall nutritional performance. Consequently, analytical data should be regarded
as the starting point for the biological interpretation of nutritional value rather than as
an end in themselves. The principal challenge is no longer the acquisition of analytical
measurements but their correct interpretation within variable biological contexts.

The conceptual shift outlined above is particularly evident in the evaluation of ME.
Although ME remains one of the principal criteria used for feed formulation, its nutri-
tional significance depends on how accurately it reflects nutrient utilization by the animal.
Comparisons among corn sources from different geographical origins showed that diets for-
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mulated to equivalent calculated AME corrected for nitrogen (AMEn) values nevertheless
produced measurable differences in feed intake and FCR [22]. These findings indicate that
similar analytical values do not necessarily correspond to equivalent biological responses.
This observation is supported by studies showing that formulation strategies based on
the predicted AME of individual corn sources influenced broiler performance despite rela-
tively modest compositional differences among grains [30]. Furthermore, regional analyses
have highlighted a wide variability in the nutritional content of corn, underscoring the
limitations of average values [34]. Similar observations have been reported for wheat and
triticale, where differences in grain characteristics affected ME and digestibility despite
apparently comparable chemical composition [1,5]. ME should therefore be interpreted
as a functional indicator whose nutritional significance depends on the biological context
rather than as a fixed intrinsic property of the feed ingredient.

Protein evaluation presents a similar challenge. Crude protein concentration remains
an essential descriptor of ingredient composition, but on its own it cannot fully explain
nutritional value. Soybean meal from different geographical origins showed differences in
amino acid composition, predicted digestible amino acid content, and ME despite being
classified as the same feed ingredient [4]. The same principle also applies to cereal proteins,
as standardized ileal digestibility of crude protein and several amino acids differed among
corn sources of different geographical origins, indicating that crude protein concentration
alone may not fully represent amino acid availability [31]. Variability is also evident in
animal-derived protein ingredients, with fish meal and poultry by-product meal showing
wide differences in ME values that may substantially influence formulation outcomes [33].
These observations reinforce the view that evaluating protein-rich feed ingredients re-
quires integrating crude protein concentration with measures of digestibility and nutrient
availability to accurately define their nutritional value.

The interpretation of nutritional value also extends beyond nutrient composition
to include structural characteristics, technological processing, and safety-related factors.
Mycotoxin occurrence, for example, may vary substantially according to ingredient origin
and water activity, demonstrating that feed safety cannot be fully assessed through compo-
sitional characterization alone [35]. Likewise, technological processing may profoundly
modify the nutritional properties of the same raw material. Extrusion has been shown to
alter the physicochemical characteristics of cereal starch [7], while physical pretreatments
of cassava chips influenced chemical composition and in vitro digestibility [36]. Similar
effects have been reported for crimping and ensiling of faba beans, where processing
modified phytate degradation and phosphorus digestibility [25]. Structural components
further contribute to this complexity. The nutritional effects of non-starch polysaccharides
(NSP) depend not only on their concentration but also on their interactions with diges-
tive physiology and enzyme supplementation, leading to different biological responses
under different feeding conditions [37,38]. Overall, feed functionality emerges from the
interaction among ingredient structure, technological processing, and biological responses.
These observations indicate that nutritional value cannot be inferred from compositional
measurements in isolation.

Collectively, the available evidence indicates that the principal challenge facing mod-
ern feed evaluation is no longer the availability of analytical information, but its biological
and nutritional interpretation. Wu et al. critically examined the limitations of ME bioas-
says and emphasized that values used in feed formulation require careful interpretation
before practical application [39]. Likewise, Zaefarian et al. highlighted that poultry feed
evaluation increasingly combines chemical analyses, nutrient tables, prediction equations,
in vivo measurements, and in vitro techniques, recognizing that each approach contributes
complementary information for understanding feed quality [40]. Beyond their biological
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implications, these limitations also have important economic consequences. Because feed
represents the largest production cost in poultry systems, uncertainty in estimating energy
availability, nutrient digestibility, or ingredient quality may directly influence formula-
tion precision, feed efficiency, and production profitability [21,40]. Taken together, these
considerations indicate that modern feed evaluation increasingly depends on integrating
analytical measurements into a biologically meaningful framework. Such a framework is
essential for supporting accurate nutritional decisions under increasingly variable produc-
tion conditions.

4. Advanced Analytical Approaches and In Vitro Models
Advanced analytical approaches and in vitro models provide complementary method-

ologies for investigating feed quality beyond conventional nutrient characterization. By
combining structural analyses with digestive assessment, these approaches expand the
range of information available for evaluating sustainable feed resources.

Figure 4 summarizes this conceptual transition from conventional compositional
evaluation toward integrated analytical and predictive feed assessment systems.

Figure 4. Evolution of feed evaluation approaches from conventional compositional analysis to
integrated systems combining structural characterization, in vitro digestive assessment, biological
interpretation, and predictive feed evaluation.

4.1. Advanced Spectroscopic and Rapid Analytical Technologies

Traditional feed characterization methods quantify major nutritional fractions such as
crude protein, starch, ether extract, ash, and fiber. However, the increasing variability in
sustainable feed resources requires complementary analytical approaches capable of charac-
terizing structural and physicochemical properties beyond those captured through routine
compositional analyses. Advanced spectroscopic technologies have therefore emerged as
important tools for extending conventional feed assessment beyond nutrient quantification.

The growing demand for rapid and multidimensional feed characterization has accel-
erated the incorporation of spectroscopic technologies into poultry nutrition research. Near-
infrared reflectance spectroscopy (NIRS) was among the first spectroscopic approaches to

https://doi.org/10.3390/app16178373

https://doi.org/10.3390/app16178373


Appl. Sci. 2026, 16, 8373 12 of 37

be widely applied to agricultural materials as a non-destructive tool for predicting feed
composition and quality. Early studies demonstrated that mathematical preprocessing
of spectral data, including derivative transformations, improved the robustness of pro-
tein prediction by minimizing spectral variation associated with particle size in ground
wheat samples [41].

Building on these developments, NIR and MIR spectroscopic technologies enable the
acquisition of both compositional and molecular information from biological and agri-
cultural matrices and can be integrated with chemometric models for high-throughput
prediction [42]. Their analytical value extends beyond the estimation of chemical composi-
tion by capturing spectral signatures associated with the structural organization of feed
matrices. These spectral patterns arise from the vibrational and absorptive behavior of
chemical bonds and provide indirect information on protein conformation, starch organi-
zation, lipid interactions, moisture distribution, and fiber structure [6,42]. Spectroscopic
technologies complement conventional compositional analyses by providing structural
information. This integrated approach enables a more comprehensive characterization
of feed ingredients and facilitates the identification of structural characteristics that may
influence digestibility, nutrient availability, and overall feed quality.

Recent studies illustrate the versatility of spectroscopic technologies across different
applications in poultry nutrition, ranging from high-throughput feed characterization to
the prediction of biologically relevant nutritional traits. Bresolin and Dórea described
infrared spectrometry as an increasingly important high-throughput phenotyping tech-
nology capable of extending prediction from simple compositional traits to more complex
biological and productive characteristics [42]. Similarly, Cruz-Conesa et al. demonstrated
that visible–near-infrared spectroscopy (Vis-NIR) could accurately predict organic matter,
protein, fat, gross energy, uric acid, and phosphorus in poultry excreta, supporting its
application in digestibility studies [43]. At a finer structural level, Robertson et al. showed
that attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) could
discriminate molecular differences in protein, lipid, and carbohydrate structures among
insect-derived feed ingredients and relate specific spectral features to chemical composition
and in vitro digestibility [6].

Collectively, these technologies extend feed evaluation from conventional composi-
tional quantification toward multidimensional characterization of feed structure and quality.
Complementary computational approaches further enhance the nutritional interpretation
of analytical data. They predict biologically relevant traits, such as true digestible amino
acid and nitrogen-corrected true metabolizable energy contents, from laboratory measure-
ments [44]. However, spectroscopic characterization alone cannot fully explain nutritional
functionality. It therefore requires integration with complementary biological approaches,
including in vitro digestive models, to support a comprehensive nutritional assessment.

4.2. Dynamic In Vitro Digestibility and Gastrointestinal Models

Structural characterization provides valuable information on feed matrices, but its
nutritional relevance ultimately depends on how feed components behave during gas-
trointestinal digestion. In vitro digestibility models therefore represent a complementary
stage of feed evaluation by linking analytical characterization with biologically relevant
digestive processes.

In vivo bioassays remain the biological reference standard for evaluating nutrient uti-
lization [39]. However, these methodologies are time-consuming, expensive, and relatively
low-throughput when applied to large numbers of feed ingredients. Classical poultry
feed evaluation systems were historically built around ME bioassays and digestibility
methodologies conducted under controlled experimental conditions. Among these, the
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true metabolizable energy (TME) bioassay proposed by Sibbald represented an important
methodological development [45]. It corrected apparent energy estimates for endogenous
and metabolic energy losses. These logistical, methodological, and ethical constraints have
stimulated growing interest in systems capable of simulating digestive processes under
controlled experimental conditions.

Modern in vitro digestibility systems were developed to reproduce selected physico-
chemical and enzymatic processes occurring during gastrointestinal digestion. Depending
on their methodological complexity, in vitro systems may involve one-, two-, or three-step
digestion procedures, as well as more complex computer-controlled models designed to
reproduce selected gastrointestinal events [40]. Simpler models generally use fixed incuba-
tion conditions and one or more sequential enzymatic hydrolysis steps. More advanced
systems may incorporate controlled pH transitions, gastrointestinal secretions, transit times,
peristaltic movements, and the continuous removal of digestion products to reproduce
selected aspects of gastrointestinal physiology more realistically [40].

The primary value of these systems lies not in reproducing the entire biological
complexity of the living gastrointestinal tract, but in providing controlled information on
nutrient hydrolysis, substrate degradation, and ingredient-dependent digestive responses.
Under this perspective, digestive functionality emerges from interactions among feed
structure, enzymatic activity, and gastrointestinal conditions.

Experimental studies illustrate how in vitro digestibility systems can be applied to
investigate different aspects of feed functionality, including ingredient processing, en-
zyme supplementation, and nutrient availability. Takaeh et al. reported that extrusion,
microwave and gamma irradiation, and sodium hydroxide (NaOH) treatment altered the
physicochemical properties of cassava chips and produced treatment-dependent changes
in in vitro digestibility [7]. Kim et al. showed that the effects of NSP-degrading enzymes on
digesta viscosity and nutrient utilization were strongly dependent on the cereal substrate,
enzyme type, and gastrointestinal challenge. Enzyme supplementation reduced digesta
viscosity and improved selected NSP digestibility responses in wheat-based diets, whereas
one xylanase increased viscosity and aggravated performance losses in experimentally
challenged birds fed maize-based diets [38]. Likewise, Wang et al. showed that graded
phytase supplementation increased apparent ileal digestibility and total-tract retention
of phosphorus in broilers fed phosphorus-deficient diets, while also improving calcium
utilization and selected amino acid digestibility responses [46]. Walker et al. further
demonstrated that a multi-enzyme complex containing phytase and several carbohydrase
activities reduced digesta viscosity and increased dry matter digestibility and phosphorus
retention. Calcium retention increased at the higher supplementation level, while AME
values in the enzyme-supplemented groups exceeded those of the negative control [8].
Together, these studies demonstrate that nutrient availability is determined by complex
interactions among feed structure, digestive conditions, and enzyme activity.

Despite their growing application, in vitro systems remain dependent on methodolog-
ical standardization and appropriate biological validation. Zaefarian et al. emphasized
that the predictive reliability of digestive simulation models improves substantially when
in vitro observations are interpreted alongside corresponding in vivo datasets [40]. Conse-
quently, in vitro gastrointestinal models should be regarded as complementary tools for
mechanistic investigation, ingredient screening, and comparative digestibility assessment
that contribute to the biological interpretation of feed functionality rather than replacing
animal studies.

Table 3 summarizes the principal feed evaluation approaches currently used in poultry
nutrition, highlighting their analytical focus, advantages, methodological limitations, and
relevance for sustainable feed systems.
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Table 3. Principal analytical and biological approaches for poultry feed evaluation, including their
applications, strengths, and methodological limitations.

Feed Evaluation
Approach

Primary
Biological

Insight

Verified Analytical
Approach(es)

Sampling and
Methodological
Considerations

Main
Methodological

Limitation
References

Conventional
proximate

analysis and
nutrient tables

Crude nutrient
composition

(protein, starch,
fat, fiber, ash)

Baseline estimation
of nutritional
composition

Feed formulation
and reference

nutritional
matrices

Limited capacity
to represent
structural

organization and
nutrient

accessibility

[1,39]

NIRS

Spectral
fingerprints

associated with
molecular

composition and
physicochemical

organization

Rapid structural and
compositional
phenotyping

Prediction of
AME, amino acid

digestibility,
ingredient

classification,
and feed quality

Strong
dependence on

calibration
datasets and

model
transferability

[30,31,42]

FTIR and Raman
spectroscopy

Molecular
vibrational

signatures and
structural

information

Characterization of
protein

conformation, starch
organization, and
matrix-associated

interactions

Structural
interpretation of

ingredient
functionality and

processing
effects

Requires
advanced

chemometric
interpretation

and
standardized

analytical
protocols

[6,42]

Hyperspectral
imaging

Combined
spectral and

spatial
information

Identification of
localized structural
heterogeneity and

matrix organization

Multidimensional
feed

characterization
and ingredient

mapping

High data
complexity and
computational
requirements

[40]

Static in vitro
digestibility

models

Simplified
enzymatic
hydrolysis
responses

Preliminary
estimation of

nutrient accessibility
and substrate
degradation

Rapid
comparative
ingredient
screening

Limited
simulation of

gastrointestinal
physiology and

digestive
dynamics

[7,40]

Multi-stage and
computer-
controlled

gastrointestinal
models

Digestive
kinetics,

pH-dependent
hydrolysis,

enzyme
responsiveness,
nutrient release

patterns

Mechanistic
interpretation of

digestive
functionality and
gastrointestinal

interactions

Evaluation of
matrix-

dependent
digestibility and

digestive
behavior

Partial
representation of

in vivo
physiological

complexity

[40]

In vivo
digestibility and

ME bioassays

Physiological
nutrient

utilization and
animal

performance
responses

Biological validation
of nutritional
functionality

Calibration and
validation of

predictive
systems

High cost, low
throughput, and

experimental
variability

[5,39]
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Table 3. Cont.

Feed Evaluation
Approach

Primary
Biological

Insight

Verified Analytical
Approach(es)

Sampling and
Methodological
Considerations

Main
Methodological

Limitation
References

Chemometric
and multivariate

analytical
systems

Integrated
spectral,

compositional,
digestive, and
physiological

datasets

Identification of
multidimensional

nutritional
relationships

Multivariate
prediction and
system-level
nutritional

interpretation

Dependent on
dataset quality,

calibration
robustness, and

external
validation

[14,42]

Predictive
equations and

integrated
nutritional

models

Computational
estimation of

AME, digestible
amino acids,

nutrient
utilization, and

performance
outcomes

Predictive
integration of
analytical and

biological variables

Precision-
oriented

nutritional
modeling and
adaptive feed
formulation

Reduced
robustness

outside
calibration

conditions and
heterogeneous

datasets

[15,31,47]

Abbreviation: Apparent Metabolizable Energy (AME).

4.3. Chemometrics, Predictive Equations and Integrated Feed Evaluation

The increasing use of advanced spectroscopy, digestive simulation, compositional
analysis, and performance measurements has generated increasingly complex feed-related
datasets in poultry nutrition. In particular, highly collinear spectral datasets cannot gener-
ally be interpreted through isolated variables alone [42]. This limitation supports the use of
chemometric and multivariate analytical approaches.

Chemometrics encompasses statistical and computational methodologies designed
to extract relevant information from complex datasets. More broadly, complementary
sensing technologies such as vibrational spectroscopy, electronic noses, and electronic
tongues have been combined with multivariate analysis to generate multidimensional
fingerprints of complex food matrices [48]. This analytical principle is directly applicable to
the development of integrated feed evaluation strategies. Within feed evaluation systems,
these approaches provide a methodological basis for combining spectral fingerprints with
compositional, digestive, and physiological descriptors. This integration is particularly
relevant in spectroscopy-assisted feed evaluation. Spectral datasets generated by NIRS,
FTIR, Raman spectroscopy, and hyperspectral imaging contain numerous correlated vari-
ables that require multivariate analysis to relate spectral patterns to nutritionally relevant
traits [42]. Consequently, the predictive value of spectroscopy derives less from isolated
spectral signals than from the ability of chemometric methods to associate complex spectral
patterns with biologically relevant nutritional traits.

Morales-Suárez et al. applied multivariate models and artificial neural networks
to estimate essential amino acid requirements and predict egg production responses in
second-cycle laying hens. The study accounted for interactions among lysine, methionine
plus cysteine, threonine, and time. This approach illustrated the value of multivariate
modelling over isolated nutrient-response analyses [14].

Prediction equations represent a long-established approach for linking analytical mea-
surements with biologically relevant nutritional outcomes in practical poultry feed evaluation.
Empirical equations have been used to estimate outcomes such as ME and digestible amino
acid contents from selected chemical and nutritional descriptors [31,44,47]. However, equa-
tions calibrated on a limited range of conventional ingredients may not fully represent the
structural heterogeneity of emerging sustainable feed resources. Structural characteristics,
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processing history, fiber organization, anti-nutritional factors, and enzyme responsiveness may
substantially influence digestive behaviour without being fully represented by conventional
compositional variables alone.

Representative studies illustrate how predictive equations have progressively evolved
from conventional regression models toward more flexible computational approaches.
Sadighi et al. developed regression equations to predict total and standardized ileal
digestible amino acid contents of corn from crude protein, crude fiber, ash, and total amino
acid concentrations [31]. Comparable approaches have also been applied to other cereal
matrices. Sedghi et al. used total amino acid profiles to predict true digestible amino
acid contents and nitrogen-corrected true metabolizable energy (TMEn) of sorghum grain,
with artificial neural networks providing greater predictive accuracy than multiple linear
regression [44]. In addition, Vis-NIR spectroscopy has been applied to poultry excreta
to rapidly predict organic matter, protein, fat, gross energy, uric acid, and phosphorus
concentrations, thereby supporting the analytical processing of samples generated in
nutrient-utilization bioassays [43].

These observations indicate that the predictive performance of nutritional models
increasingly depends on the integration of structural and biological information alongside
conventional compositional descriptors. Recent mathematical nutrition models further
support this transition toward multidimensional prediction. Oviedo-Rondón emphasized
that poultry nutrition models increasingly need to integrate growth, production, nutrient
requirements, genetics, age, and environmental or physiological conditions while relying
on accurate estimates of dietary energy and nutrient supply [15]. Similarly, Guo et al.
developed age-specific equations for predicting AME and net energy values of sorghum
in broilers using stepwise multiple linear regression and a linear-regression algorithm
implemented in Python. The models used chemical predictors including fiber fractions,
tannins, phytic acid, dry matter, and crude protein [47].

The reliability of predictive systems depends not only on model architecture but also
on the quality, representativeness, and biological relevance of the underlying datasets.
Although representative studies have demonstrated the potential of predictive equations
for estimating nutritionally relevant traits, many currently available models have been
developed using relatively limited experimental populations, ingredient batches, or produc-
tion conditions. Consequently, calibration quality, methodological consistency, ingredient
diversity, and broader external validation remain fundamental determinants of predic-
tive robustness and transferability across the structurally heterogeneous feed resources
encountered in sustainable poultry nutrition [30,40,42]. Accordingly, biological validation
should be regarded not only as a confirmatory step but also as an integral component of
predictive model development, linking structural characterization, digestive assessment,
and nutritional interpretation within unified feed evaluation systems.

The convergence of advanced spectroscopy, digestive simulation, chemometrics, and
predictive modelling is progressively reshaping feed evaluation into an integrated analyti-
cal ecosystem. Rather than evaluating nutrients as isolated compositional entities, modern
systems increasingly interpret feed functionality through interactions among molecular
organization, digestive behaviour, physiological responsiveness, and nutritional perfor-
mance [40,42]. Data fusion and multivariate integration approaches are central to this
transition, enabling analytical, digestive, and biological datasets to be combined within
unified predictive frameworks and improving the interpretation of complex nutritional
interactions that cannot be adequately captured by isolated methodologies [14,31,42].

This analytical transition also establishes the conceptual bridge toward omics tech-
nologies and systems biology approaches discussed in the following section, where mul-
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tidimensional molecular datasets further expand the capacity to characterize host–feed
interactions within precision poultry nutrition frameworks [9,49].

5. Omics Technologies in Sustainable Poultry Nutrition
Omics technologies have emerged as valuable tools for investigating the multi-level

biological responses associated with sustainable poultry nutrition, including microbial
ecosystem adaptation, metabolic regulation, and host physiological responses [49,50]. These
biological layers are closely interconnected, as microbial adaptation may influence metabo-
lite production, metabolic signaling may affect host gene expression, and transcriptional
responses may ultimately contribute to physiological adaptation and productive perfor-
mance. Consequently, nutritional functionality increasingly emerges from the coordinated
interaction of feed characteristics, digestive physiology, microbial ecology, metabolism, and
host regulation rather than from isolated nutritional parameters.

The integration of microbiomics, metabolomics, nutrigenomics, and multi-omics ap-
proaches may therefore improve interpretation of sustainable feed systems and contribute
to the development of more precise nutritional strategies in poultry production [9,51]. Nev-
ertheless, interpretation of omics-derived data remains complex and may be influenced by
methodological variability, environmental conditions, host physiology, and diet-dependent
ecosystem interactions. Accordingly, this section examines how complementary omics
technologies improve the biological interpretation of sustainable feed responses, providing
the biological foundation for the predictive modeling approaches discussed in Section 6.

Figure 5 provides a conceptual framework for understanding how different omics
technologies contribute complementary biological information across multiple levels of
feed–host interactions. The figure illustrates the progressive integration of microbiomics,
metabolomics, nutrigenomics, and multi-omics approaches within a unified biological
framework, highlighting how these complementary datasets support system-level interpre-
tation of nutritional responses to sustainable feed resources.

Figure 5. Conceptual overview of the complementary biological roles of microbiomics, metabolomics,
nutrigenomics, and multi-omics approaches in the evaluation of sustainable feed resources. Each
omics layer provides distinct biological information on microbial adaptation, metabolic responses,
and host molecular regulation. Their integration enables system-level interpretation of nutritional
responses beyond the capabilities of individual omics technologies.

5.1. Microbiomics and Host–Microbiota Interactions

Microbiomics has emerged as a valuable approach for investigating how sustainable
feed resources influence the intestinal ecosystem, reflecting the central role of the gastroin-
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testinal microbiota in nutrient utilization, intestinal functionality, immune regulation, and
metabolic homeostasis [50,52]. Sustainable feed ingredients often differ not only in their
chemical composition but also in structural characteristics, including NSP, resistant proteins,
fermentation-derived compounds, and fiber-associated components that can modulate
microbial ecology and intestinal metabolic activity. Consequently, the nutritional effects
of alternative feed resources depend not only on nutrient composition but also on their
interactions with the gastrointestinal microbial environment.

Accumulating evidence demonstrates that structurally diverse feed ingredients elicit
distinct microbial responses [9,37]. These findings highlight how feed matrix character-
istics shape intestinal ecosystem adaptation. Fermented feed ingredients, insect-derived
products, agro-industrial by-products, and fiber-rich substrates represent examples of feed
matrices capable of reshaping microbial metabolism and ecological balance [38,53]. These
microbial changes may subsequently influence digestive efficiency, metabolite production,
and host physiological responses. Together, these findings support the view that sustainable
feed ingredients function as biologically active matrices capable of promoting dynamic
ecological and metabolic adaptation within the gastrointestinal tract.

Despite the considerable advances achieved through poultry microbiomics, trans-
lating microbiome-derived observations into robust nutritional interpretation remains
challenging [50]. Recent methodological reviews by Oladokun et al. and Terrón-Camero
et al. have emphasized that different microbiome profiling approaches capture distinct but
complementary layers of biological information. Amplicon sequencing of the 16S rRNA
gene primarily characterizes the taxonomic composition of microbial communities and
provides information on microbial identity (“who is there”). In contrast, shotgun metage-
nomics extends this perspective by characterizing the collective genetic repertoire and
functional potential of the microbiome (“what they can do”). Metatranscriptomics further
complements these approaches by identifying genes that are actively expressed under
specific dietary and physiological conditions, thereby providing a functional snapshot of
microbial activity. Each methodology therefore interrogates a different level of biological or-
ganization, and comprehensive interpretation of host–microbiota interactions increasingly
depends on integrating taxonomic, functional, and transcriptional information with com-
plementary metabolomic, digestive, physiological, and productive evidence. Importantly,
these analytical approaches are not directly interchangeable, as differences in sampling
strategy, gastrointestinal sampling site, sequencing methodology, reference databases,
and bioinformatic pipelines may substantially influence both taxonomic assignment and
functional interpretation, thereby limiting direct comparability among independent stud-
ies. These methodological differences should therefore be considered when interpreting
microbiome-derived evidence across different experimental settings.

Most available studies continue to identify associations between microbial compo-
sition and productive or physiological responses; however, direct causal mechanisms
remain difficult to establish [49,50,52]. Likewise, microbiome responses vary according
to host genetics, animal age, dietary composition, intestinal sampling site, and analytical
methodology [51–53]. Collectively, these sources of biological and methodological variabil-
ity substantially influence the reproducibility and transferability of microbiome-derived
observations across production systems. Current evidence consistently demonstrates that
dietary interventions modify the intestinal microbial ecosystem, yet the specific microbial
taxa associated with feed efficiency or physiological adaptation frequently differ among
independent studies because they are strongly influenced by host-related, environmental,
and methodological factors. Consequently, although microbiome–phenotype associations
are increasingly well documented, few microbiome-derived taxonomic signatures have
yet demonstrated sufficient independent validation and reproducibility to be considered
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robust, broadly transferable indicators of feed functionality. Microbiome profiling should
therefore currently be regarded primarily as a powerful tool for biological interpretation
rather than as an independent predictor of nutritional responses [50,52]. Beyond these
methodological considerations, an additional challenge is that taxonomic composition
does not necessarily reflect biological function. As emphasized by Terrón-Camero et al.
and Oladokun et al., similar taxonomic profiles may exhibit markedly different functional
and metabolic outputs depending on gene expression, microbial interactions, and host
physiology. Conversely, distinct microbial communities may converge toward compa-
rable metabolic functions through functional redundancy. Therefore, taxonomic shifts
become biologically meaningful only when interpreted together with their functional and
metabolic consequences, rather than as isolated indicators of dietary responses. This dis-
tinction is particularly relevant because taxonomic information alone cannot determine
whether predicted metabolic pathways are actively expressed under specific nutritional
conditions. Consequently, microbiome profiles acquire meaningful nutritional value only
when integrated with metabolite production, digestibility responses, intestinal functionality,
physiological adaptation, and productive phenotypes [9].

Current evidence therefore suggests that the principal strength of poultry micro-
biomics lies not in identifying universal microbial biomarkers but in providing a bio-
logically informative framework for interpreting host responses to dietary interventions.
When integrated with complementary physiological and metabolic evidence, microbiome
profiling can reveal adaptive processes that remain undetectable through conventional nu-
tritional measurements alone. Conversely, interpreting microbial composition in isolation
may lead to oversimplified biological conclusions because similar taxonomic changes do
not necessarily correspond to equivalent functional outcomes across different production
systems or experimental conditions.

Accordingly, microbiomics represents one component of a broader system-oriented
framework in which biological interpretation increasingly depends on integrating microbial
profiles with metabolic, physiological, and productive responses. Rather than functioning
as a standalone predictor of nutritional value, microbiome analysis contributes to explain-
ing the biological mechanisms through which sustainable feed resources influence nutrient
utilization, intestinal functionality, and host adaptation. Understanding how microbial com-
munities translate into functional metabolic responses therefore requires complementary
metabolomic approaches capable of characterizing the biochemical consequences of mi-
crobial activity. These approaches, discussed in the following section, provide an essential
link between microbial ecology and host physiology, allowing for a more comprehensive
interpretation of the biological responses elicited by sustainable feeding strategies.

5.2. Metabolomics and Functional Biomarkers

While microbiomics characterizes the composition of intestinal microbial communities,
metabolomics focuses on the metabolic responses arising from interactions among diet,
microbial activity, digestive physiology, and host metabolism [49,54]. Metabolites represent
the downstream products of biological regulation. Consequently, metabolomic profiling
provides functional insight into physiological adaptation and reveals metabolic changes
associated with nutrient utilization, energy metabolism, and host performance that cannot
be inferred from compositional analyses alone [54]. For example, variations in short-chain
fatty acids, amino acid metabolism, or lipid-related metabolites may reflect changes in
microbial fermentation, nutrient utilization, and host metabolic adaptation under different
feeding strategies [54–57].

The principal strength of metabolomics lies in its ability to capture the functional
consequences of biological processes rather than individual molecular components. While
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microbiome composition and other compositional and molecular approaches provide valu-
able information on the potential for biological activity, metabolite profiles reflect the bio-
chemical outcome of interactions among diet, digestive physiology, microbial metabolism,
and host regulation. This perspective is particularly relevant in sustainable poultry nutri-
tion, where nutritional adaptation results from coordinated responses involving multiple
metabolic and regulatory pathways rather than isolated biological processes. Consis-
tent with this view, recent physiological and molecular investigations have shown that
feed efficiency and adaptive responses are associated with coordinated changes in energy
metabolism, nutrient utilization, oxidative balance, and tissue-specific regulatory networks
under different nutritional and environmental conditions [55–57]. Together, these findings
establish metabolomics as a functional biological layer linking molecular regulation with
physiological adaptation. This functional layer complements conventional phenotypic
measurements and improves the biological interpretation of nutritional responses.

Despite these advantages, translating informative metabolic signatures into reliable
tools for poultry nutrition remains challenging. Metabolic and microbiome-associated
responses may vary according to dietary composition, intestinal compartment, host char-
acteristics, and the specific biological matrix considered [49]. This variability limits the
generalization of results obtained under individual experimental conditions. Moreover,
even apparently promising biomarkers require validation across different nutritional and
genetic contexts before they can be regarded as broadly transferable indicators of digestive
or metabolic efficiency [58]. Accordingly, the field is progressively shifting from biomarker
discovery toward the demonstration of biological robustness and translational reproducibil-
ity across diverse nutritional and production environments.

Because metabolomic profiles are strongly influenced by the biological matrix selected
and the conditions under which samples are collected and preserved, careful methodologi-
cal planning is essential to ensure biologically informed interpretation. As highlighted by
Camero et al. [59], no single biological matrix can comprehensively characterize metabolic
adaptation, since each matrix captures a distinct component of the biological response.
Consequently, different biological matrices provide complementary information on nutrient
utilization, microbial metabolism, digestive physiology, host metabolic regulation, and
systemic adaptation, while sampling procedures directly influence metabolite stability and
analytical reliability. Table 4 summarizes the principal biological matrices currently used in
poultry metabolomics, together with the biological information they provide, representa-
tive analytical platforms, key sampling considerations, and the main limitations associated
with their interpretation.

Table 4. Representative biological matrices used in poultry metabolomics studies.

Biological
Matrix

Biological
Information

Representative
Analytical Platforms

Sampling and
Methodological
Considerations

Key Limitations/
Critical Considerations References

Cecal digesta

Microbial
fermentation activity,

SCFA production, and
microbiota-associated
metabolic responses.

Gas chromatography-
based SCFA analysis;

1H-NMR
metabolomics;

untargeted LC–MS
metabolomics.

Collection at a
standardized
experimental

endpoint, followed
by prompt

processing and
frozen storage to

minimize
post-sampling

metabolic changes.

Primarily reflects
luminal microbial
metabolism and

fermentation rather than
systemic host

metabolism; metabolite
profiles may be

influenced by diet,
microbial composition,

sampling site, and
collection timing.

[9,60]
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Table 4. Cont.

Biological
Matrix

Biological
Information

Representative
Analytical Platforms

Sampling and
Methodological
Considerations

Key Limitations/
Critical Considerations References

Ileal digesta

Pre-cecal nutrient
disappearance and

site-specific digestive
responses.

Conventional
digestibility

measurements;
complementary

microbiota profiling.

Sampling from a
standardized ileal

segment at a
defined

experimental
endpoint, followed

by prompt
processing and
frozen storage.

Represents only the
pre-cecal phase of

digestion and may not
fully reflect hindgut

microbial fermentation
or systemic metabolic

responses.

[25,31]

Plasma/Serum

Systemic metabolic
adaptation and

candidate biomarkers
associated with feed

efficiency.

UHPLC–MS/MS and
LC–MS-based
metabolomics.

Sampling under
standardized

nutritional and
experimental

conditions,
followed by

prompt plasma or
serum separation

and frozen storage.

Systemic metabolite
profiles may be

influenced by multiple
physiological processes

and do not directly
identify tissue-specific

metabolic changes.

[54,61]

Liver tissue

Energy metabolism,
lipid metabolism,

nutrient partitioning,
and hepatic metabolic

adaptation.

NMR- and
LC–MS-based
metabolomics.

Standardized
slaughter timing,

immediate
snap-freezing in
liquid nitrogen,

and storage
at −80 ◦C.

Hepatic metabolism is
highly dynamic and

may be influenced by
nutritional and

physiological conditions.

[9,49]

Muscle tissue

Tissue-specific energy
metabolism, amino

acid metabolism, and
metabolic efficiency.

1H-NMR
metabolomics.

Standardized
anatomical
sampling,
consistent

slaughter timing,
immediate

freezing, and
storage at −80 ◦C.

Muscle metabolite
profiles may reflect

cumulative metabolic
responses rather than

early physiological
adaptations.

[9]

Abbreviations: 1H-NMR: Proton Nuclear Magnetic Resonance; SCFA: Short-Chain Fatty Acids;
LC–MS: Liquid Chromatography–Mass Spectrometry; UHPLC–MS/MS: Ultra-High Performance
Liquid Chromatography–Tandem Mass Spectrometry; NMR: Nuclear Magnetic Resonance.

Meaningful interpretation of metabolomic profiles requires integration with comple-
mentary physiological, microbial, and nutritional information rather than evaluation of
individual metabolites in isolation [62,63]. At present, most metabolomic signatures iden-
tified in poultry nutrition should therefore be regarded as context-dependent biological
associations rather than validated biomarkers. Their translation into reliable tools for feed
evaluation will require independent validation across diets, genotypes, biological matrices,
and production environments.

Collectively, metabolomics is most informative when interpreted within integrated
biological frameworks linking metabolic adaptation with digestive responses, microbial
functionality, physiological regulation, and productive performance rather than through
individual metabolites considered in isolation [49,54]. From this perspective, metabolomic
profiling complements physiological, microbiological, and analytical evidence, thereby
improving the physiological interpretation of nutritional adaptation. Its future application
in precision poultry nutrition will depend on standardized methodologies, rigorous bio-
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logical validation, and effective integration with complementary omics technologies and
predictive modelling approaches.

5.3. Nutrigenomics and Host Physiological Responses

Nutrigenomics has emerged as an important approach for investigating how sus-
tainable feed ingredients influence host physiological adaptation through changes in
gene expression and associated metabolic responses [49,64]. Unlike conventional nu-
tritional evaluation systems, which focus primarily on compositional characteristics and
productive outputs, nutrigenomic approaches provide insight into the dynamic regulatory
mechanisms underlying nutrient utilization, intestinal adaptation, immune function, and
metabolic homeostasis.

Several studies have demonstrated that alternative feed ingredients and nutritionally
complex feed matrices may modulate host adaptive responses associated with digestive
function, epithelial integrity, and metabolic regulation [10,65]. These responses have been
associated with transcriptional changes affecting pathways involved in nutrient and ion
transport, immune regulation, oxidative balance, mitochondrial energy metabolism, and
intestinal metabolic function [55,56]. Consequently, sustainable feed evaluation increasingly
requires interpretation not only of nutrient composition and digestibility but also of the
host’s adaptive physiological responses to nutritional variability.

However, the biological interpretation of gene expression patterns in poultry remains
strongly dependent on the tissue, phenotype, and experimental context considered. Multi-
tissue investigations have revealed marked tissue-specific differences in gene expression
and pathway regulation, whereas targeted studies indicate that molecular responses may
also depend on dietary treatment, health status, host genetics, age, and production envi-
ronment [10,55,56,64,65]. This biological context dependence limits the interpretation of
transcriptomic findings as universal indicators and emphasizes the need for validation
across tissues, populations, and production conditions.

Another important limitation concerns the distinction between molecular regula-
tion and biologically validated functional outcomes. Differential expression of genes or
enrichment of signaling pathways may reveal candidate mechanisms of physiological
adaptation, but these findings require functional validation before they can be interpreted
as indicators of improved resilience or productive performance [66]. Consequently, many
transcriptomic findings remain insufficiently validated for routine application in preci-
sion poultry nutrition, emphasizing the need for independent validation across diverse
production conditions.

Collectively, nutrigenomics provides valuable mechanistic insight into how sustainable
feed ingredients influence host adaptive physiology by linking dietary interventions with
transcriptional regulation, metabolic adaptation, and physiological responses. However,
transcriptomic information requires careful biological interpretation and independent
validation. At the same time, it substantially expands conventional feed evaluation by
revealing regulatory mechanisms that cannot be captured through compositional, digestive,
or phenotypic assessments alone.

Because microbial composition, metabolic activity, and host gene regulation operate
as interconnected components of the same biological system, understanding nutritional
adaptation increasingly requires their integrated interpretation rather than separate analysis.
Figure 6 summarizes these complementary biological layers and provides the conceptual
framework for the multi-omics integration approaches discussed in the following section.
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Figure 6. Conceptual framework illustrating the coordinated biological responses to sustainable feed
resources. Interactions among digestive dynamics, gut microbiota modulation, microbial metabolites,
metabolic adaptation, and molecular regulation collectively contribute to the adaptive phenotype
of poultry.

5.4. Multi-Omics Integration and System-Level Feed Interpretation

While microbiomic, metabolomic, and transcriptomic approaches provide distinct bio-
logical information, their evidentiary value depends strongly on how these analytical layers
are combined. Studies in which multiple molecular and physiological measurements are
acquired within the same experimental design show that dietary effects may extend from
microbial community structure and fermentation to systemic metabolism and host regula-
tion, even in the absence of measurable changes in productive performance [9,49,67]. Inglis
et al. [9], for example, combined cecal microbiota profiling, fermentation measurements, and
metabolomic analyses of intestinal contents and host tissues within the same feeding experi-
ment. By contrast, other studies link microbiome-derived observations to targeted metabolic,
physiological, or phenotypic measurements without constituting comprehensive multi-omics
investigations [49]. Integrating microbial, metabolic, and phenotypic evidence can improve
the interpretation of how sustainable feed ingredients influence host responses across multiple
biological levels [9,49]. However, the strength of inference differs according to whether these
data are generated from the same animals or assembled through complementary analyses.

Variability in feed composition may influence digestive dynamics, gut microbiota
modulation, metabolic adaptation, and host regulatory responses. These changes ultimately
contribute to integrated biological effects associated with nutrient utilization, physiological
resilience, and system-level function. However, observing complementary responses across
different studies is not equivalent to directly integrating multiple omics layers within the
same experimental population. The former provides a broader narrative interpretation of
biological processes, whereas the latter enables direct statistical evaluation of relationships
among molecular layers, physiological responses, and phenotypic outcomes.
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Although the biological rationale for multi-omics integration is increasingly recog-
nized, translating interconnected molecular information into biologically meaningful nu-
tritional interpretation remains a major challenge. As highlighted by Terrón-Camero et al.
and Oladokun et al. [68], individual omics approaches capture complementary but distinct
layers of biological information. Microbiomics describes taxonomic composition and, de-
pending on the methodology used, functional potential or microbial activity; metabolomics
characterizes downstream biochemical responses; and transcriptomics identifies host or
microbial gene-expression patterns. Alterations in feed composition may initially influ-
ence microbial fermentation dynamics and community functionality, whereas downstream
metabolic and host regulatory responses may emerge through interconnected biological
processes [49,50]. Consequently, system-level interpretation requires more than the juxta-
position of findings from separate analytical approaches. Whenever possible, it should rely
on the coordinated acquisition of multiple molecular layers from the same experimental
units together with their integration with physiological and productive evidence.

Recent poultry studies illustrate several distinct levels of integration. Multi-tissue tran-
scriptomic analyses can reveal coordinated regulatory responses across organs involved
in nutrient utilization and feed efficiency, but they remain single-omics investigations
because the same molecular layer is examined in different tissues [56,64]. Han et al. [56],
for example, integrated transcriptomic profiles from seven tissues with productive and
lipid-related phenotypes to identify cross-tissue regulatory networks associated with resid-
ual feed intake. Such studies provide system-level information on tissue coordination,
although they should be distinguished from experimental designs that integrate different
omics technologies.

A similar distinction applies to studies combining molecular data with environmental,
physiological, or productive measurements. Li et al. [55] integrated transcriptomic analyses
of ovarian and intestinal tissues with performance, biochemical indicators, environmental
monitoring, and a Random Forest model based on environmental variables. This constitutes
multilevel biological and environmental integration, but not multi-omics in the strict
sense. By contrast, studies combining transcriptomics and metabolomics within the same
experiment provide direct evidence of cross-omics relationships. Integrative transcriptomic
and metabolomic analyses have revealed coordinated neuroendocrine, metabolic, and lipid-
regulatory responses associated with physiological adaptation to environmental stress
in broiler chickens [66]. These designs offer stronger evidence for cross-layer biological
interpretation because molecular responses are measured under the same experimental
conditions and can be related directly to shared phenotypic outcomes [66].

Despite the growing use of integrative approaches, comprehensive poultry studies
simultaneously combining microbiomic, metabolomic, transcriptomic, physiological, and
productive data remain uncommon. Much of the available literature instead represents
partial integration, including single-omics analyses across multiple tissues, omics data com-
bined with targeted biochemical or phenotypic measurements, or computational synthesis
of independent datasets. These approaches remain valuable, but their evidentiary strength
and translational implications are not equivalent to those of coordinated multi-omics
experiments conducted in the same animals.

Important methodological and translational limitations also remain. Multi-layer bi-
ological datasets are characterized by high dimensionality, biological variability, limited
sample sizes, and methodological heterogeneity, all of which may complicate reproducibil-
ity, cross-study integration, and biological interpretation [49,57]. Hosseinzadeh and Hasan-
pur [57], for example, showed that independent transcriptomic datasets addressing a
comparable biological question produced limited agreement when analyzed separately,
necessitating meta-analysis and subsequent computational validation. Although this study
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does not represent multi-omics integration, it demonstrates how heterogeneity can affect
the reproducibility of molecular findings even within a single omics domain.

Integration of heterogeneous datasets also requires computational workflows capa-
ble of relating molecular patterns to physiological adaptation and phenotypic responses.
Network-based analyses, co-expression models, enrichment methods, and machine learn-
ing approaches can identify coordinated molecular interactions. However, these outputs
remain primarily associative and hypothesis-generating unless they are supported by
independent biological validation. Computational integration therefore cannot substi-
tute for mechanistic experimentation, particularly when datasets originate from different
animals, tissues, time points, or experimental conditions [49,57,60,64]. Even in genuine
multi-omics studies, apparent cross-layer associations may reflect shared responses to the
same treatment rather than direct biological relationships. Reliable system-level interpre-
tation consequently requires adequate experimental replication, harmonized sampling,
independent validation, and phenotypic or physiological evidence capable of anchoring
molecular patterns to functional outcomes.

Taken together, the strongest evidence for multi-omics interpretation in poultry nutri-
tion currently derives from studies in which two or more molecular layers are measured
within the same experimental design and related to validated physiological or productive
responses [9,55]. However, the literature considered in this review also includes valuable ex-
amples of multi-tissue transcriptomics, computational integration of independent datasets,
and combinations of omics data with environmental or phenotypic measurements. These
approaches contribute complementary information but should not be treated as method-
ologically equivalent. Recognizing this distinction provides a more realistic assessment of
the present maturity of system-level feed evaluation and prevents conceptual integration
from being interpreted as already validated experimental multi-omics.

Broader implementation in precision poultry nutrition will depend on methodolog-
ical standardization, synchronized sampling, adequate statistical power, cross-platform
harmonization, rigorous biological validation, and computational approaches capable of
translating multidimensional datasets into interpretable nutritional information. In the near
term, experimentally coordinated integration of two omics layers with robust physiological
and productive phenotyping appears more realistic than comprehensive integration of
microbiomic, metabolomic, transcriptomic, environmental, and performance data. Progres-
sively expanding these validated designs will provide a more reliable pathway toward
evidence-based, system-oriented nutritional decision-making.

6. AI for Feed Evaluation and Decision Support
AI and predictive modeling provide the computational framework for integrating

analytical measurements, biological responses, and animal performance into predictive
models that support a more comprehensive evaluation of sustainable feed resources. These
computational approaches identify complex and often non-linear relationships across mul-
tiple sources of evidence. As a result, they facilitate the interpretation of feed quality and
its expected nutritional value beyond the capabilities of conventional analytical methods
alone. Rather than replacing established analytical and biological approaches, AI comple-
ments them by transforming heterogeneous datasets into actionable nutritional knowledge.
Accordingly, the following sections discuss how these computational strategies contribute
to feed evaluation, prediction of animal responses, multi-level biological integration, and
evidence-based nutritional decision support.
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6.1. AI-Based Prediction of Feed Quality and Nutritional Value

AI and predictive modeling extend the value of analytical and biological feed charac-
terization by integrating heterogeneous sources of evidence into predictive frameworks
capable of supporting nutritional interpretation and decision making. Rather than generat-
ing new experimental information, AI-based models combine compositional measurements,
spectroscopic signatures, digestibility-related information, and other complementary feed
descriptors to estimate nutritionally relevant characteristics, including ME, amino acid
availability, and digestibility-related parameters. In this way, feed evaluation shifts from
descriptive characterization toward predictive nutritional inference [4,31,42,43,47].

The predictive performance of these approaches relies on their ability to identify
complex relationships among multiple variables that cannot be readily captured through
conventional statistical evaluation alone. AI-assisted models combine compositional pro-
files with spectroscopic signatures and complementary analytical descriptors to improve
the estimation of nutritionally relevant parameters [42,47]. They also reduce the time
required for feed evaluation and support the assessment of heterogeneous feed ingredients.
These capabilities are particularly valuable when multiple nutritional characteristics must
be inferred simultaneously from a single set of analytical measurements.

Recent studies demonstrate that integrated predictive models can simultaneously
estimate multiple nutritional traits from complex analytical datasets [47]. This provides a
more comprehensive evaluation of feed quality. However, predictive performance remains
dependent on appropriate model development and validation. Collectively, these advances
demonstrate that the principal contribution of AI-based predictive frameworks lies not
simply in estimating individual nutritional parameters, but in translating diverse analytical
information into biologically meaningful estimates of feed value that are more closely
associated with nutrient utilization than isolated compositional traits.

Despite these advances, the practical value of AI-assisted feed evaluation depends on
the biological consistency, interpretability, and generalizability of model outputs across
diverse production systems. Models developed under controlled experimental condi-
tions must demonstrate reliable performance when applied to heterogeneous commercial
environments, where ingredient variability, management practices, and environmental
conditions may substantially influence predictive reliability. Consequently, successful
implementation of AI for feed evaluation requires accurate prediction, robust biological
validation, and transparent decision-support frameworks capable of supporting evidence-
based nutritional management. These requirements provide the foundation for extending
predictive modeling beyond feed characterization toward the prediction of animal re-
sponses discussed in the following section.

6.2. AI-Based Prediction of Animal Performance and Physiological Responses

AI is increasingly being used to predict animal responses to nutritional strategies,
extending predictive approaches beyond feed characterization. While the previous sec-
tion focused on estimating the nutritional value of feed ingredients, recent applications
have progressively shifted toward anticipating how birds respond to different nutritional
interventions. By linking dietary information with productive and physiological outcomes,
these approaches support more informed nutritional decision-making under increasingly
variable production conditions.

Predicting animal responses is inherently more complex than characterizing feed
ingredients because nutritional outcomes emerge from interactions among genetics, physi-
ological status, management practices, and environmental conditions. Machine learning
algorithms are therefore particularly well suited to capture the resulting non-linear relation-
ships that are difficult to describe using conventional statistical approaches. Random Forest,
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Extreme Gradient Boosting (XGBoost), Artificial Neural Networks (ANNs), and ensemble
learning methods have been successfully applied to estimate growth rate, feed conversion
ratio (FCR), egg production, carcass characteristics, and other economically relevant traits
from nutritional and management variables, frequently outperforming traditional linear
regression models in predictive accuracy [69,70].

The predictive challenge lies in the fact that nutritional interventions generate intercon-
nected responses across productive, physiological, microbial, and environmental domains,
which rarely vary independently. Consequently, effective AI models must account for
multiple biological endpoints simultaneously rather than treating individual production
traits as isolated outcomes [71,72].

Recent studies have demonstrated that ANN-based response surface models can
successfully predict broiler performance under diets differing in digestible protein and
essential amino acid supply [73]. These models identify nutritional combinations that
maximize body weight while avoiding unnecessary nutrient oversupply. Likewise, ma-
chine learning approaches have produced encouraging results in predicting broiler growth
from integrated nutritional and environmental datasets [74]. Stacked ensemble methods
have also improved the prediction of egg production by combining complementary algo-
rithms [75]. Collectively, these findings indicate that AI provides considerable opportunities
to improve the prediction of animal performance across diverse nutritional conditions and
to support more evidence-based feeding strategies.

Nevertheless, translating these computational approaches into routine nutritional
management remains challenging because biological responses vary substantially across
commercial production systems. Differences in genetics, physiological status, management
practices, environmental conditions, and feeding strategies can limit the generalizability
of predictions beyond the populations on which algorithms were originally developed.
Future progress will depend on the availability of biologically representative datasets
encompassing the diversity of modern poultry production systems and on rigorous biolog-
ical validation across different breeds, environments, and management conditions. These
considerations provide the foundation for the integrated predictive frameworks discussed
in the following section.

6.3. AI-Based Integration of Multilevel Biological Data

AI is increasingly being explored not only as a predictive technology but also as an
integrative computational framework. Building upon the predictive models of feed quality
and animal responses discussed in the previous sections, it has the potential to connect
evidence generated across different levels of poultry nutrition research. This integration
supports a more comprehensive interpretation of complex biological systems [75–78]. Ad-
vanced analytical techniques, in vitro models, omics technologies, and precision livestock
farming have greatly expanded the information available for feed evaluation. The challenge
is no longer limited to data acquisition itself but increasingly concerns the integration and
interpretation of evidence generated at different analytical and biological levels. In this
context, AI provides the computational tools needed to combine information that has tra-
ditionally been evaluated independently, supporting biologically informed interpretation
and nutritional decision-making for sustainable feed resources [75–78].

Within the integrated framework proposed in this review, AI serves as the compu-
tational interface between the analytical characterization of feed ingredients (Section 4),
the biological responses described by omics technologies (Section 5), and the predictive
models of animal performance discussed in the previous section. Current applications
demonstrate the ability of AI to integrate selected analytical, environmental, behavioural,
physiological, and production-related data streams to improve prediction and decision-
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making. However, these demonstrated applications should be distinguished from the
broader multilevel integration framework proposed in this review. Recent studies have
combined heterogeneous information derived from analytical measurements, environ-
mental monitoring, physiological indicators, behavioural observations, and production
records to support specific monitoring and prediction tasks [78–81]. In precision poultry
farming, sensor-derived information has been successfully integrated with environmental
and productive variables to support continuous flock monitoring and management [79–81],
whereas multimodal machine learning models combining physicochemical, textural, and
electronic-nose measurements have demonstrated high classification performance together
with improved model interpretability through explainable AI approaches [82]. Although
comprehensive integration of omics-derived information remains limited in poultry nu-
trition, the same computational principles could ultimately be extended to incorporate
microbiome, metabolomic, and transcriptomic profiles alongside analytical feed character-
ization. This integration would enable a more comprehensive interpretation of nutrient
utilization, biological adaptation, and productive responses.

Figure 7 summarizes the conceptual workflow proposed in this review, illustrating
how heterogeneous analytical and biological information could be progressively harmo-
nized and integrated through AI-assisted computational frameworks to generate biologi-
cally informed, evidence-based recommendations for precision poultry nutrition.

Figure 7. Conceptual workflow illustrating the AI-driven integration of multilevel evidence for
sustainable feed evaluation and precision poultry nutrition. Heterogeneous analytical, physiological,
molecular, and environmental information is progressively harmonized, integrated, and interpreted
to support explainable decision-making and operational nutritional strategies. Continuous feedback
from biological responses enables iterative refinement of the framework, while interoperability,
digital infrastructure, data security, user adoption, and sustainability represent essential cross-cutting
enablers for robust AI-assisted nutritional systems.

Within the conceptual framework proposed in this review, the intended role of AI is
not simply to increase the number of variables included in predictive models, but to relate
complementary levels of biological information that collectively contribute to the animal
response. Analytical measurements characterize feed composition and physicochemical
properties, physiological indicators quantify the functional response of the animal, whereas
microbiome and metabolomic profiles provide complementary information on biological
adaptations to dietary interventions, and behavioural and productive records capture the
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resulting phenotypic expression. By integrating these complementary sources of evidence
within such a framework, AI could facilitate the interpretation of relationships between
analytical observations and the biological processes underlying animal performance un-
der sustainable feeding strategies. Its potential contribution therefore extends beyond
predictive performance by enabling a biologically informed interpretation of feed–animal
interactions and supporting precision poultry nutrition [75,77–79].

Despite these advances, current AI applications remain primarily focused on integrat-
ing analytical, environmental, behavioural, and production-related information, whereas
the incorporation of transcriptomic, metabolomic, and microbiome-derived data remains
relatively limited and is largely confined to experimental research [76,78,81]. Accordingly,
the framework illustrated in Figure 7 should be interpreted as a research-oriented con-
ceptual architecture rather than as a representation of current routine practice in poultry
nutrition. Expanding AI toward truly multilevel biological integration therefore repre-
sents one of the major priorities for future poultry nutrition research. Achieving this
objective will require computational frameworks capable of integrating analytical, physi-
ological, molecular, microbial, and productive information while maintaining biological
interpretability. Progress toward this objective will likely occur incrementally, beginning
with the integration of a limited number of complementary biological domains and pro-
gressively expanding toward comprehensive multilevel frameworks as methodological
standardization, biological validation, and data interoperability continue to improve. Such
developments will strengthen the ability of AI not only to support nutritional decision-
making but also to reveal the biological mechanisms underlying animal responses [75–82].
They will also provide the conceptual foundation for the explainable AI approaches dis-
cussed in the following section.

6.4. Explainability, Validation, and Generalizability of AI Models

AI applications are evolving from predictive tools toward integrated decision-support
systems. Consequently, their practical value increasingly depends on model interpretability,
biological validity, and the ability to generalize across heterogeneous production environ-
ments rather than on predictive accuracy alone. Consequently, the successful translation
of AI into routine poultry nutrition requires computational frameworks that are not only
accurate but also biologically interpretable, externally validated, and robust across diverse
production scenarios [76,78,81].

A major limitation of many advanced machine learning algorithms, particularly deep
learning architectures, is their limited interpretability. While these models can capture com-
plex nonlinear relationships that frequently outperform conventional statistical approaches,
their internal decision-making processes often remain opaque, limiting user confidence and
slowing their adoption in poultry nutrition. Explainable AI (XAI) addresses this limitation
by identifying the variables that contribute most strongly to model predictions and by
linking computational outputs to established physiological and metabolic mechanisms.
Recent methodological advances have further strengthened the XAI framework through
model-agnostic interpretation methods such as Local Interpretable Model-Agnostic Expla-
nations (LIME) and Shapley Additive Explanations (SHAP). These methods facilitate the
interpretation of model predictions by quantifying the contribution of individual input
variables at both local and global levels. Complementary strategies, including surro-
gate modeling, uncertainty quantification, and visualization techniques, further improve
the transparency and reliability of complex predictive systems. Although these method-
ological developments have been established across multiple scientific disciplines, they
provide a valuable methodological framework for developing biologically interpretable,
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transparent, and trustworthy AI-assisted decision-support systems for sustainable poultry
nutrition [55,59,78,83].

External validation is equally essential for translating AI from experimental research
into practical nutritional applications. Predictive models developed under controlled exper-
imental conditions frequently exhibit reduced performance when applied across different
farms, production environments, feed resources, or genetic backgrounds. Recent reviews
consistently emphasize that independent validation under diverse commercial conditions
is a prerequisite for reliable AI-assisted nutritional decision-making [76,78,81]. In situa-
tions where substantial biological or environmental variability exists, local recalibration or
domain adaptation may also be required to maintain predictive reliability [81].

Successful implementation of integrated AI frameworks further depends on harmo-
nized analytical and biological data generated across different experimental platforms.
Variability in analytical methodologies, sampling strategies, metadata annotation, and data
formatting may compromise interoperability among datasets and limit the integration of
complementary sources of biological information [76,81]. These challenges become particu-
larly relevant when combining information derived from advanced analytical techniques,
in vitro digestion systems, microbiome profiling, metabolomics, and production records.
In these situations, variability may originate from both biological and technical sources.
Consequently, standardized data acquisition protocols, harmonized metadata, and rigorous
quality-control procedures are increasingly recognized as prerequisites for reproducible AI
applications in poultry nutrition [76,81].

Beyond issues related to data harmonization, another important limitation is the still
limited availability of large, diverse, and openly accessible datasets specifically developed
for AI applications in poultry production. Although the number of public resources has
increased in recent years, many available datasets remain small, task-specific, or derived
from restricted experimental conditions, limiting their suitability for training broadly
transferable models. This scarcity restricts independent benchmarking, reproducibility, and
the cumulative validation of algorithms across research groups and production contexts.
The development of multi-farm, multi-breed, and multi-environment open datasets would
therefore provide a shared empirical foundation for model development, benchmarking,
and independent validation across diverse poultry production systems [81,84].

These challenges are reflected in the evidence summarized in Table 5, which highlights
representative AI applications together with their biological objectives, current validation
status, and principal translational limitations.

Table 5. Representative AI-Supported Applications, Biological Targets, and Translational Limitations
in Sustainable Poultry Nutrition.

AI Application Data Input Biological Target Main Limitations Validation Status

NIRS-based nutrient
prediction Spectral datasets Nutrient composition

and feed quality

Calibration
dependency; ingredient

variability
Moderate

Digestibility prediction
models

Feed composition and
performance datasets Nutrient utilization

Limited transferability
across production

systems
Exploratory–Moderate

Multi-omics integration
systems

Microbiomics,
metabolomics,

transcriptomics
Adaptive phenotypes High dimensionality;

limited standardization Exploratory

Feed efficiency
prediction

Physiological and
microbial datasets

Feed efficiency and
resilience

Context dependency;
biological variability Emerging

Precision nutritional
systems

Integrated biological
datasets

Adaptive feed
evaluation

Limited large-scale
field validation Emerging
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Overall, current evidence indicates that the successful implementation of AI in poultry
nutrition will depend less on increasingly sophisticated algorithms than on computational
frameworks that are biologically interpretable, externally validated, and sufficiently robust
to operate across diverse production environments. Establishing transparent, reproducible,
and generalizable models will be essential for translating AI from experimental research
into routine nutritional decision-making. Under these conditions, AI can evolve from
a powerful analytical technology into a reliable decision-support system for sustainable
poultry nutrition [9,49,76,78,81].

6.5. Emerging Frontiers in AI-Driven Nutritional Decision-Support Systems

As poultry production systems become increasingly complex, nutritional decision-
support strategies must also become more adaptive. Nutrient utilization varies according to
bird age, health status, environmental conditions, feed transitions, and management prac-
tices. Consequently, evaluation frameworks must accommodate this biological variability
over time. Increasing attention is therefore being directed toward AI-assisted systems that
incorporate continuous biological feedback, periodic model updating, and context-specific
nutritional interpretation. These systems move beyond static prediction toward adaptive
nutritional management [47,78].

One of the most promising developments is the emergence of closed-loop nutritional
systems, in which analytical measurements, biological monitoring, predictive modelling,
and nutritional interventions operate within continuous feedback cycles. Early applications
in precision livestock farming have demonstrated the feasibility of integrating real-time
monitoring with model-based nutritional control to optimize broiler growth and feed man-
agement [82]. Building on these advances, integrated AI-driven frameworks may support
adaptive enzyme supplementation, precision feeding during environmental stress, and dy-
namic adjustment of nutrient supply according to continuously evolving physiological and
productive responses [80,81]. Rather than replacing nutritional expertise, these systems are
expected to strengthen evidence-based decision-making by continuously linking analytical
observations with biological responses throughout the production cycle.

An additional challenge concerns the long-term reliability of adaptive AI systems
as biological and environmental conditions continuously evolve. Real-time analytical
measurements can be integrated with mechanistic knowledge and machine learning ap-
proaches to periodically update and recalibrate predictive models as new biological and
production data become available [77]. By progressively incorporating evidence generated
under commercial production conditions, these adaptive frameworks may improve the ro-
bustness, transferability, and practical applicability of nutritional recommendations across
heterogeneous poultry production systems [76,78,81].

7. Conclusions
Sustainable poultry nutrition is undergoing a profound transition from conventional

feed evaluation based primarily on ingredient composition toward integrated biological
frameworks capable of capturing the complexity of nutrient utilization under modern
production systems. Although conventional analytical approaches remain indispensable
for determining the nutritional characteristics of feed ingredients, the evidence examined
throughout this review demonstrates that they are no longer sufficient to fully explain
the heterogeneous biological responses associated with sustainable feed resources. Feed
evaluation can no longer rely on isolated measurements. Instead, it increasingly requires
integrated frameworks capable of connecting analytical observations with the biological
mechanisms governing nutrient utilization and animal responses.
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A central conclusion emerging from the available evidence is that no single analytical
or computational methodology can independently address the complexity of sustainable
poultry nutrition. Instead, advanced analytical technologies, dynamic in vitro digestion
models, omics approaches, and AI should be regarded as complementary components of an
integrated evaluation strategy. Within this framework, analytical methods provide accurate
feed characterization, biological approaches reveal the mechanisms underlying nutrient
utilization, and AI enables the integration of heterogeneous information into biologically
informed decision-support systems. The value of these technologies therefore lies not in
their individual application but in their coordinated integration to support evidence-based
nutritional management.

Despite the substantial progress achieved in recent years, important challenges re-
main before these integrated approaches can be routinely implemented under commercial
conditions. Among the technologies reviewed, rapid spectroscopic methods supported by
chemometric modelling and AI-assisted prediction currently appear closest to practical
implementation because they already provide rapid, non-destructive feed characteriza-
tion and have undergone substantial experimental validation. In contrast, comprehensive
integration of analytical, microbiomic, metabolomic, transcriptomic, physiological, and
production data into unified AI-assisted decision-support systems remains largely at the
research stage.

Bridging this gap will require a progressive implementation strategy. The most im-
mediate priority is the harmonization of analytical methods, sampling procedures, and
metadata standards. Methodological variability currently limits the comparability of results
even within individual analytical and omics platforms. Once harmonized datasets become
available, the next essential step will be prospective biological validation across indepen-
dent production systems to establish the robustness, reproducibility, and transferability
of predictive models. Only after these methodological foundations have been established
will interoperable data infrastructures, biologically interpretable AI models, and fully inte-
grated multilevel decision-support systems become realistic targets for routine commercial
implementation. Establishing this sequential validation pathway will be essential before
integrated feed evaluation frameworks can be translated into practical poultry nutrition.

Finally, stronger collaboration between academia, industry, and technology developers
will be essential to accelerate biological validation, promote data harmonization, and
facilitate the translation of integrated feed evaluation strategies into practical applications
for sustainable poultry nutrition.

The progressive implementation of integrated analytical, biological, and AI-driven
decision-support systems may also establish a virtuous cycle of continuous improvement.
As these technologies are increasingly adopted under commercial conditions, every new
application has the potential to generate additional analytical, biological, and production
data. These data can be used to refine predictive models, improve algorithm performance,
strengthen biological interpretation, and progressively enhance nutritional recommen-
dations. In this perspective, implementation should not be regarded simply as the final
stage of technological development, but as an essential component of an adaptive learning
process in which practical application continuously contributes to scientific advancement
while supporting broader strategies to improve the sustainability, resilience, and resource
efficiency of poultry production systems.

Ultimately, the future of sustainable poultry nutrition will depend not on the indepen-
dent advancement of advanced analytical technologies, omics, or AI, but on their effective
integration into biologically coherent, experimentally validated, and adaptive decision-
support frameworks capable of continuously learning from new evidence while supporting
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robust, transparent, and scientifically grounded nutritional decisions under the complexity
and variability in modern poultry production systems.
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