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ABSTRACT

Aquafeeds and the use of botanical ingredients Over recent years, interest has been raised in the use of herbs, spices
and plant extracts as feed additives to aquaculture feeds because they may offer advantages for improving growth
promotion effects or nutrient utilization efficiency (NUE) whilst simultaneously enhancing fish health. But verifying
quality, safety and legitimacy continues to be a struggle. This chapter will discuss key issues relating to quality control,
standardization and authentication of these ingredients. Adjust from these to matters relevant in: e.g. variability of
constituents and bioactive substances, contaminant presence, risk uncovered for adulteration/substitution etc.; The first
chapter focuses on standardization strategies (quality standards), monographs and reference materials. Examples of
authenticity specifications were macroscopic/microscopic assessment, chromatographic methods, spectroscopy
procedures and DNA authentication techniques. Given this was a fishing village market very good agricultural and
collection practices (GACP), good manufacturing practices (GMP), supplier qualification, sampling, testing protocols
should be done in order to provide the homogeneity of composition. Contents of the book include discussions on
regulatory facets, harmonization efforts and international organizations in setting standard are described. The
consolidation of ingredient sources, the transparency through the supply chain and also documentations — in fact
record keeping up to authenticating at every stage is given a primacy. Presentation of case studies showing what works,
problems in implementation and lessons learnt in the use of QA measures. Future outlooks examine new analytical
measurements, blockchain-sourced tracking offerings and responsible sourcing practices which help to highlight the
shifting industry landscape. The chapter attends these considerations, therefore collaborating with an adequate and
sustainable use of high-quality botanicals for nutritional purposes in aquafeeds favoring growth and productivity as to
overall prosperity within the industry.
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INTRODUCTION

Aquaculture is one of the fastest growing industries worldwide with a key factor determining performance, health and
efficacy being on feed quality fed to farmed aquatic species. To facilitate this process, there are rigorous quality control
measures of the feed to ensure it provides all necessary nutrients required for the target species and does not contain any
contamination or adulteration which would have possible detrimental effects on animal health and food safety. Total
global production of farmed seafood, which reached 82.1 million tonnes in 2018 and now represents almost half (46%) of
all fish produced worldwide, highlights the increasing importance and need for safe high-quality aquafeeds ~Aquaculture
doesnt use freshwater (Jiang et al. 2022).
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The botanicals in the form of various herbs, spices and plant extracts have become a potential focus of interest for
their benefits like growth promotion, better nutrient utilization support and providing resistance to diseases. Natural
components which used as bioactive compounds, prebiotics and immunostimulants can replace those synthetic additives
(Dawood et al. 2022).

While botanicals offer advantages to human health, they are challenging in standardization and authentication due to
their complicated chemical composition. Plant species, geographic origin, cultivation practices and processing methods
would have an influence on the quality and consistency of these ingredients. Furthermore, there is the question of risk: will
premium grade be more likely to suffer adulteration or substitution with cheaper and dangerous substances that should
only evaluated with reliable authentication methods.

Botanical Ingredients in Aquafeeds

Types of botanical ingredients (herbs, spices, plant extracts): Botanical ingredients used in aquafeeds can be
categorized into three main groups:
Herbs: It contains herbaceous plants or their parts e.g. leaves stems, roots. This category is really a dump-meeting for most
balm and well-known, plant-derived supplements like turmeric (Curcuma longa), peppermint, garlic cloves (Allium sativum)
as well treacle basedtokoro-gyoubumeisteri "Ginger ") (Mariappan et al. 2023). A study by Abdelrazek et al. (2017) aimed
to evaluate de effects of dietary turmeric supplementation on growth performance and immune response in Nile tilapia
(Oreochromis niloticus).
Spices: These are the dried fruit, seed, bark or root of a plant used to enhance flavoring. These include black pepper (Piper
nigrum), cinnamon (Cinnamomum verum) and clove (Syzygium aromaticurn) (Karmakar et al. 2022). Studied the effect of
dietary supplementation with black pepper on growth, antioxidant status and immune response in African catfish (Clarias
gariepinus).
Plant extracts: Plant extracts, which essentially concentrated preparations are obtained from different parts of plants
through extraction methods such as solvent extractions or supercritical fluid Exrtraction. Green tea extract (Camellia
sinensis), grape seed extract (Vitis vinifera) and garlic extracts are still other examples (Presenza 2022).

Intended Functions (growth promoters, immunostimulants, etc.)

Botanical ingredients are incorporated into aquafeeds for various intended functions, including:
Growth promoters: Many phyto-constituents were reported to be having growth promoting activity in different kind of
species by increasing feed efficiency, feed intake and overall gain in body weight. The growth performance and feed
conversion ratio were significantly augmented in rainbow trout, for instance through diet suppletion with garlic powder
(Adineh et al. 2020).
Immunostimulants: A number of the botanicals employed include bioactive components that stimulate an individual
immune response in fish which helps protect against diseases and provides restorative healing benefits. Immunostimulant
activity in aquaculture species of selected plant extracts: Olive leaf extract and Rosemary Extract (Mariappan et al. 2023).
Antioxidants: Polyphenolic substances, among other antioxidant compounds found in botanical ingredients can help to
reduce the oxidative stress whilst at the same time improving overall aquatic animal health and well-being. Green tea
extract supplementation reinforced the antioxidant capacity and enhanced environmental stress resistance in freshwater
prawn (Liu et al. 2022).

Common Sources and Supply Chain Considerations

The systematic production process and sources of botanical ingredients for aquafeeds may vary with regions and the
type or part of plant ingredient which depends on feeding purpose. Most of the herbs and spices are grown in different
regions like India, China, South America whereas plant extracts could be obtained from various agricultural or industrial
processes. Supply Chain factors that determine Quality Control, Traceability and Sustainability. A whole host of other
concerns also need to be addressed along with resource-related questions, regarding issues such as environmental impact
etc ensuring fair trade practices and compliance in respect of regulatory standards concerning botanically derived
ingredients that are used within the production processes relating to plantmeal for aquafeed (Eroldogan et al. 2023).

Quality Issues and Adulteration

Variable chemical composition, bioactive compounds: Botanical ingredients are a class of raw materials that can vary
significantly in their essence content and the concentration of bioactive secondary metabolites (abundantly depending on
plant genotype but also environmental factors during cultivation as well harvesting/processing methods (Dossou et al.
2021). This variability may have effect on the performance and fluctuation of targeted effects in aquafeeds .A study by
Nyadjeu et al. (2021) with descriptors of physical variability epileothe chemical composition of garlic (Allium sativum),
obtained from samples cultivated in different cultivars and cultivation conditions. Authors reported the quantitative
variation in bioactive compounds like allicin, organic sulfur compound and these are responsible for the biological activity
of garlic.

Botanical raw materials sometimes carry contamination of heavy metals, pesticide residues and microbiological
contaminants since these substances are hard to avoid when growing the botanicals which combine a risk for animal
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health. A study by Glencross et al. (2020) Heavy metal study in different medicinal plants from different areas used as
traditional medicine source was evaluated.

In references to antibiotic and pesticide residues, a review paper by Naiel et al. ,(2019). This studylooked at the
incidence and concentration of pesticide residues in different spices, some of which are used in aquafeeds that we
consume. They highlighted cases of non-compliance with maximum residue levels (MRLs) and stressed the need for good
agricultural practices as well as monitoring programs in place. Secondly, the risk of microbiological contamination is
significant because botanical ingredients can mention pathogenic bacteria, molds and mycotoxins. To assess the
microbiological quality of different varieties of spices that were commercialized, some samples showed contamination with
> 1 pathogen (e.g., Salmonella spp.; Escherichia coli; molds) which may pose health risk (Nascimento et al. 2024).

Standardization of Botanical Ingredients

To overcome this variability and quality issues of botanical ingredients in aquafeeds, it is important to develop quality
standards / specifications. These rules must specify the limits that should be adhered to for these parameters in terms of
chemical composition, bioactive compounds count etc., and control level (contaminants, microbiological quality)
(Tangendjaja 2022).

They could develop monographs and quality control guidelines, for instance on a selection of medicinal plants that
can be used as botanical ingredients in aquafeed (Salin et al. 2018). Monographs and multimodal reference materials are
essential tools for ensuring standardisation of botanical ingredients. Monographs offer a sufficiently detailed information
regarding the identity, quality and safety characteristics of individual botanical ingredients which is mandatory for
manufacturers as well as regulators and control laboratories to use these Monos either directly from Western Herbal
Ingredient Standards (WHISS) or collectively by integrating them into monograph system (Hodar et al. 2020).

Many scientists, as well organizations such as the USP (United States Pharmacopeial Convention), NIST (National
Institute of Standards and Technology), and EDQM ( European Directorate for tbe Quality of Medicines and HealthCare)
are involved in creating reference materials to measure botanical ingredients (Glencross et al. 2020).

Importance of Identity, Purity, and Potency

The standardization of botanical ingredients in aquafeeds should focus on three key aspects: identity, purity, and
potency.
Identity: Identity — confirming the plant based ingredients are properly identified thus avoiding adulteration or
substitution by inferior quality, toxic etc. Microscopic investigation, chromatographic techniques and DNA barcoding are
few of the analyitical methods which can help to identify botanicals (Negi et al. 2021).
Purity: Botanical ingredients must be free of impurities such as heavy metals, pesticide residues, microbial contaminants
and adulterations. Purity specifications should be established when using these ingredients and strict testing protocols
implemented to guarantee safety and efficacy (Gil et al. 2021).
Potency: Botanical Ingredients can prove useful in conditions where the activity of biological compounds is necessary and
also they are used for their desired effects, which may be imparted because one or more active ingredients within them
have a biochemical effect. This standardization of the potency is required so that bio-similar aquafeeds have similar
biological activities and ultimately are efficacious. Analysis methods such as chromatographic techniques and bioassays
can be used to determine the concentration of these active ingredients in botanical blends, thereby establishing ingredient
potency (Nikooet al. 2023).

Standardization of botanical ingredients in aquafeeds can be achieved by defining monographs and reference
materials as well identity, purity, potency etc. which will ensure that increased quality standards are established leading to
good quality assurance, safety and efficacy for being used at a commercial scale in the production systems.

Authentication Techniques

For authenticating botanical ingredients in aquafeeds, some of the analytical techniques like use for guaranteeing
their genuineness and quality. It can be used for the identification of plant species or to test contaminants, detect
adulterants and also assess whether raw material has all its bioactive compounds as well it can identify levels in a
formulation which are responsible. Some of the frequently used methods to authenticate macroscopically are those that
involve morphological analysis and physical examination; it can be gross evaluation based on color, odour texture or some
characteristic morphology. This will give initial hints of what material the substance is and whether it might be unique.
Microscopic evaluation often requires the use of a microscope to see into botanical ingredients and then identify both
internal structures as well as cellular features. This information can help to identify the diagnostic features such as certain
cell types, starch grains or other anatomical feature quickly enabling identification and authentication of botanicals under
examination. For the analysis and authentication of botanical ingredients, chromatographic techniques are one of the most
sought after methods. Techniques such as High-performance Liquid Chromatography (HPLC) and Gas chromatograph-
Mass Spectrometry (GC-MS), are commonplace tools for the chemical separation, identification and quantitation of
phytochemicals within botanical materials (Farabegoli et al. 2018).

It presents an alternative method for the determination of polyphenols, flavonoids and alkaloides, among other
bioactive compounds used as markers in analytical control with chromatographic techniques such as Hig Pressure Liquid
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Chromatography (HPLC) to generate a chemical fingerprint (Gunathilake et al. 2022 The potential of GC-MS is especially
well demonstrated in the field of volatile compound analysis (e.g., essential oils, terpenoids), which has great application
prospects for authenticity and identification research on botanical compounds according to their specific chemical
compositions (Sadgrove et al. 2022). Spectroscopic methods such as FTIR (Fourier-Transform Infrared Spectroscopy) and
NMR Nuclear Magnetic Resonance spectroscopy have been successfully employed for the chemical structure analysis of
botanicals (Monakhova et al. 2018).

FTIR spectroscopy can produce characteristic spectral peaks by the vibrational frequencies of various functional
groups in a sample, which is useful for identification and authentication of botanical materials (Gezahegn2018). Methods
based on DNA are increasingly being used for the identification of botanical ingredients, especially in cases where
morphological or chemical traits might be inadequate and thresholds may have lost due to processing or adulteration.
DNA barcoding is the application of a short, standardized DNA sequence as an identification tag for distinguishing species.
The method can also be used for pharmaceutical and biologicals, even processed or powdered botanical material
constituents to identify not only crudity level but intrinsic quality of the locality at the species stage (Vlachavas et al.2019).

The detection and quantification of particular plant species or adulterants in botanical ingredients can also be
performed using a Polymerase Chain Reaction (PCR) as well as the real-time PCR methods. These methods rely on the
amplification and detection of particular DNA based sequences to produce results determining whether target plant
materials are present or absent. With the combination of all these methods, you can have a well-rounded assessment to
better ascertain both identity and purity which is essential for high-quality botanical ingredients in aquafeeds. Quite often
the selection of a method depends upon what botanical is being analyzed,how then that might affect authentication,and
to which degreea particular analysis has resources and expertise. Adherence to stringent quality control practices is
imperative for the safety, effectiveness and uniformity of botanical raw materials utilised in aquafeeds (Nogueira et al.
2020). The following strategies can be employed:

Good Agricultural and Collection Practices (GACP)

GACP (Good Agricultural and Collection Practices): It is the norms that apply to practices for cultivation, collection of
geographical species on which they grow. The guidelines ensure good harvesting practice i.e,; planting/seeds selection
suitable agro-climatic conditions with optimum soil type etc. these will produce quality yield free from contamination or
illegal alien’s materials. From the onset of production, GACP is designed to eliminate any potential for contamination,
adulteration and quality variability.

Key elements of GACP include:

e Selection of Suitable Growing Areas and Environmental Conditions

e Sustainable, environment-friendly agriculture practices adopted

e  Fertilizer, pesticide and irrigation water available for use

e Good harvesting and post-harvest handling practice compliance

e  Proper drying and storage of drugs

e End-to-end supply chain documentation and traceability.

GMPs: Guidelines and Regulations for the Quality Manufacuring of Products "Good Manufacturing Practices” GMP should
be applicable during the processing, formulation, packaging and labeling as well as storage of botanicals ingredients for
feed in general with specific reference to aquafeeds (Teves and Ragaza 2016).

Key aspects of GMP include:

e  Appropriate Facility Design, Equipment and Maintenance

e Enforcing Standard Operating Procedures (SOP)

e Training and Hygiene of Workers

e Quality control systems and rigorous testing.

e Documentation and Recordkeeping Requirements

e Recall Procedures and Corrective Actions

GMP guidelines for aquafeed have been described by the FAO and IFIF (Tacon2022). The 2014 INA Annual Conference
agreed that it is essential to qualify and audit the suppliers of botanical ingredients in order to guarantee the quality,
origin etc., for their use as raw materials by the aquafeed industry. This means that one scrutinizes the suppliers in
accordance with whether or not they meet GACP, GMP and quality standards such as those referred above. Supplier Audits
may consist of Site Inspections, Review on Documentation and Sampling and Analysis of supplied materials. Audits
performed on a regular basis Check for possible quality issues Confidence risks Opportunities in the supply chainDetection
of fraudValue added logistic operations Sampling and testing protocols: Robust sampling and testing protocol need to be
implemented for the quality control as well authentication of botanical ingredients. They should be established following
recognized standards and guidelines internationally, such as that provided by the International Standard Organisation
(ISO) or Association of Official Analytical Chemists ARISING FROM HOMEOSTATIC REGULATORY MECHANISMS

One of the prerequisites for this step is to be able sampling in which you should have a complete, representative and
unbiased samples i.e., considering factors such as lot size, homogeneity or potential variability within batch. These
manufacturing controls may contain testing methodologies that function to help make certain the strength, uniqueness,
and power of a product also helping determine possible contaminants as well as adulterants (analysis methods are
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discussed thoroughly in another chapter; chromatography-based strategies, spectroscopy techniques or DNA based-tests).
According to the time of writing this review, regulatory frameworks and legislative rules surrounding botanical ingredients
added in aquafeed depend on region/country, reflecting disparate regulations concerning priority setting as a function of
regions. Knowing more about these regulatory frameworks are essential to comply and promote elements of trade in
aquaculture products (Gémez et al. 2020).

For example, botanicals have been an issue on the table of regulators in the Aquafeed industry for a long while: The
European Union has outlined that they are used to regulate feed ingredients at least when it comes to animal feeds
including aqua-feeds via Feed Additives Regulation and its amending regulations. This legislation ensures that feed
additives (including botanicals) placed on the market are listed in a catalogue of permitted substances and lays down
requirements for assessing their safety, authorisation, and labeling (Dusemund 2020; You et al. 2024).

Asia and Latin America, for example, have their individual regulations as well as guidelines for the botanicals used in
animal feed. Guidance from, for example the Association of Southeast Asian Nations (ASEAN) on traditional medicines and
health supplements might provide some high-level insight that is relevant to botanical ingredients in aquafeeds (Aya
2017).

Challenges in Harmonizing Standards and Guidelines

Although regional regulatory frameworks exist, convergence of standards and guidelines for botanical ingredients in
aquafeeds across different regions and countries is needed. (Woodgate et al. 2022). Challenges come from a variety of
fronts such as:
Regulatory philosophies and risk assessment practices differ: Countries may have a different perspective on what level of
acceptable risk they can live with, the evidence required for safety evaluation leading to variations in standards, thresholds
or guidelines.
Cultural and tradition practices: Use of botanicals in aquafeeds may be affected by cultural, religion or traditional practices
that vary from one region to another which is very complex when it comes for harmonization.
Resource: The development and implementation of harmonized standards/guidelines can be resource-intensive,
particularly in countries/regions where there may be limited technical expertise, analytical capacity or funding to support
this

Non-tariff trade barriers are often manifested in regulatory differences that can complicate efforts toward
harmonization and cause headaches for the global movement of aquaculture products.

Role of International Organizations and Initiatives

For the same reason, international organizations and initiatives are established to promote harmonization in standards
as they pertain to safe trade practices of aquaculture products worldwide (Ababouch et al. 2023). Some of the key
organizations and initiatives in this regard include:

Codex Alimentarius Commission, a body set up by the Food and Agriculture Organization (FAO) of the United Nations
jointly with WHO to develop harmonized international food standards, guidelines as well codes of practice such as those
concerning animal feeding (Codex Alimentarius, 2023).

International Feed Industry Federation (IFIF): This is a world-wide organization for the animal feed industry, also including
aquafeed. Its objectives are to harmonize the regulations of feed, encourage safety and environmental sustainability in the
use of botanical ingredients (IFIF, 2023).

OIE World Organisation for Animal Health: In order to protect animal health and welfare, the OIE develops international
standards and guidelines with respect to biosafety, biosecurity, as well sufferers of packanimal carcasses including those
components relatingto animal feed safety a quality; such standards affect the approval of botanical ingredients in
aquafeeds (OIE, 2023).

Regional initiatives: Several regional blocs or organizations such as the EU, ASEAN and MERCOSUR are working towards
harmonization of regulations/standards for botanical ingredients (and other feed additives) utilized in aquaculture.

Traceability and Supply Chain Management

Product traceability and supply chain management are essential when guaranteeing the identity, quality, safety of
botanicals used in aquafeeds. By working with robust traceability systems, by following sound supply chain management
practices; you can better manage the risks of adulteration, contamination and quality variability. Traceability: to follow the
movement of botanical ingredients along the complete supply chain starting from their plantation or collection and
ending with product distribution (Glencross et al. 2024). There are several reasons why traceability is important, including:
Quality control and Risk management: where in case there is any quality issues, contamination or adulterations it's easy to
ID the product from which farm/battery that was sourced.
Regulatory requires the Traceability system: Various governments as regulatory body possess trade norms and standards
that direct firms to build up a specialized device for tracing plant based abstractions coming in feedstuff products which
are safe, hygienic, and healthy.
Source verification: Traceability supports source-segregation claims, providing the path to traceable ingredients back
through each step of the supply chain.
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Part of the reason consumer confidence: Consumers are becoming more demanding with food and feed products, which
includes wanting transparency in regards to where botanical ingredients are coming from for aquafeeds.

Authentication Methods at Different Stages

Depending on the level of authentication necessary at each stage, different methods can be used to authenticate that
a product is genuine or not:

This will first just be a cultivation/collection stage, in which proper documentation of the botanical source,
geographical origin (if available), cultivated or wild-collected plants should previously occur. Authenticity can be assessed
based on visual, microscopic and DNA barcoding analyses.

Stage of processing and manufacturing: For the verification of identity, purity, and potency botanical ingredients in
raw materials processed, during which are used different analytical techniques like chromatographic methods(ICP-MS etc)
spectroscopic methods (FTIR,NMR), molecular biological technique based on DNA(PCR analysis ), real-time PCR.

Distribution and RetailWhen transported to distribution, visual material review followed by spectroscopy for
commercial assays such as the immunological speciation tests can be used at various stages of goods typically related in
aquafeeds that typify their resistance.

Solid documentation and record-keeping is a core part of any traceability system. This includes keeping detailed records
of:

1. Cultivation / Collection Info: botanical source, geographic origins or location, how the plant is cultivated (if known) like
seasonal growth time year — any harvest dates and what are taken to account for handling.

2. Production information: Information about the processes, production data including batch numbers and stability
testing results to meet with quality control standards etc.

3. Transport and storage data: Temperature records, exposure to light for transportation conditions and handling history.
4. Distribution and retail data: This includes information about retailers, distribution channels in addition to product
recalls or complaints.

1. Through the proper use of traceability systems, authentication methods at different process points as well
documentation and record-keeping practices in case it becomes necessary to verify regulatory compliance on a particular
batchs Baliga BCC ingredients stakeholders within the aquafeed industry can work together tighter ensure...simply stated
that only great quality herbal components which you hope for from providing via supply chain reaches.... By carefully
managing botanical ingredient through appropriate product development/production processes Quality Aquarian Feed
GRID. It ensures consumer confidence as well, which is important for the sustainability and reliability of aquaculture in
general.

Case Studies and Industry Examples

Case studies and industry examples which can illustrate how to apply quality control measures, authenticate the use of
botanical ingredients in aquafeed etc. The lessons learned from these real-world scenarios will prove invaluable to all
aquaculture stakeholders.

Use Cases and Best Practices

Herbstreith and Fox: a German company for standardized botanical extracts to different markets even in
aquacultureRanked 3 their quality control is strict and under the umbrella of GACP collecting practices, GMP
manufacturing standards and multiple analyses to authenticate its contents are used. This commitment towards quality
and traceability has made them one of the most reliable suppliers for botanical ingredients in aquafeed industry.
Also have a look at Biomin: This Company produces some of higher-grade feed additives and premixes, including their line
of phytogenic feed additives that are made from botanical origin specifically for aquaculture. They implement stringently
enforced, state-of-the-art quality control procedures along with identification and purity verification via chromatographic
and spectroscopic methods. They have gone ahead to setup and strike partnerships with botanical suppliers which have
them put in place measures for traceability of their products hence enforcing authenticity and quality..
Cargill Aqua Nutrition: One of the biggest names in aquafeed is Cargill Aqua Nutrition, and they have made use of
botanical ingredients as part-feed formulations. They have introduced supplier qualification programs and stringent
testing methodologies, as well as track and trace systems to guarantee the quality of non-synthetic botanical ingredients.
Their dedication to high quality and sustainability has gained the trust of aquaculture producers around the world.

Challenges Faced by Aquafeed Manufacturers

Botanical ingredient quality variabilityOne of the biggest struggles in developing aquafeed formulations is that
botanical ingredients have significant inherent variations from factors such as plant genetics, environmental conditions and
post-harvest handling. Such variability can, therefore, impact the efficacy and consistency of targeted benefits in aquafeeds
(Brugere et al. 2021).
Risks of adulteration and substitution: Adulterating or substituting botanical ingredients with lesser quality, as well as
potentially harmful materials are major worries. This is something that can happen for monetary reasons or weak high-
quality controls in the supply chain (Ichim and Booker 2021).
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Regulatory compliance and harmonisation: With the different regulatory frameworks and guidelines for botanical
ingredients relevant to various regions, aquafeed manufacturers might find it hard. Complying with diverse sets of
standards and requirements can be convoluted, especially for businesses that work across multiple markets.

Analytical capabilities and skills: Enforcing advanced analytic technics for authentication/quality control mandates a tier of
equipment, human capital manpower, and its associated know-how. However, resource-constrained aquafeed
manufacturer’s especially smaller ones might struggle in this space.

Lessons Learned and Recommendations

Tech in Aquaculture: Install Strong Quality Control Systems -Aquafeed manufacturers need to set up complete quality
control systems such as a robust sampling and testing system, supplier qualification programs, traceability measures etc.
This type of proactive approach can prevent risks and guarantee the uniform quality and genuineness botanical
ingredients.

Ensure reliable vendors and industry partners: Working with well-established botanical ingredient suppliers, together with
interacting extensively with industry associations as well as research institutes or regulatory bodies for knowledge sharing
between stakeholders will aid learning from best practices to harmonized efforts in achieving this goal.

Adopt modern analytical methods: Keeping abreast of contemporary authentication techniques like chromatographic,
spectroscopic and DNA-based assays should provide the aquafeed producers with reliable hammer for QC and
Authentication.

Transparency and Traceability: Transparent and traceable supply chains for botanical ingredients will increase consumer
trust, ensure regulatory compliance, and help to deliver more sustainably farmed seafood.

Focus on research and development: Continuous investments in RandD can lead to new advances that refine cultivation
practices, processing methods, and analysis methodologies improving the quality of botanicals used for aquafeeds.

Future Perspectives and Emerging Trends

The road to using botanicals in aquafeed is a constantly changing landscape, influenced by improvements in analytic
techniques, digital technologies and an increased focus on sustainability and emphasis on responsible sourcing. A view of
the future and emerging trends in this area includes these components:

New approaches/tools available for analysis: The field of analytical chemistry is ever advancing, and novel
techniques/technologies arise that could be applied to authenticating botanical inputs in aquafeed (e.g. food finger-
printing).

Metabolomics and chemometrics — Metabolomics together with state-of-the-art multivariate statistical methods are
ideally suited for global metabolite profiling, allowing a full chemical fingerprint of plant materials. This capability of the
approach supports detection for exclusive chemical markers, adulterants and batch-to-batch consistency.

Hyphenated techniques such as liquid chromatography combined with mass spectrometry (LC-MS) or nuclear
magnetic resonance detection (NMR-LC), can offer improved resolution, sensitivity and structural information for the
identification/quantification of bioactive compounds in botanical ingredients (Wyss et al. 2019).

Imaging techniques: Hyperspectral imaging and Raman imaging are capable of nondestructive, spatially resolved
analysis to detect contamination, adulterants (including those with the same biosources) or volumetric segmentation on
quality variation in botanical materials/images/processes (Wang et al. 2021).

Block Chain and Digital Traceability Solutions: Block chain technology (BBN) could offer a substantial breakthrough in
improving the supply chain transparency in botanical ingredients for aquafeeds by tracking and tracing the process
digitally, therein offering new modelled opportunities to ensure quality assurances within various parts of this linkage with
traceable transactions that can even be linked back or forward to see what was delivered when where part of which batch
source (Cui and Gaur 2022.

This helps in blockchain-based traceability: Introduction of blockchain systems can help you build an
unaltered,decentralized mode for all transaction which packs a complete chain-from the time botanical ingredients are
cultivated/collected till they enter into making aquafeeds.

Internet of Things (IoT) and sensor technologies: loT devices can be deployed throughout the supply chain for monitoring
performance, controlling environmental conditions and quality assurance actions by providing accurate data based on
real-time in addition to traceability (Sallamet al. 2023).

Digital product passports: Digital Product Passports — or digital twins to store comprehensive information about botanical
ingredients, including references on their origin and processing, analytical data and certifications used to ensure supply
chain transparency as well as authentication. (Van et al. 2023).

Sustainable botanical sourcing and supply chain: With the aquaculture industry expanding, there is a higher demand for
sustainable botanicals with low environmental impact.

Sustainable agriculture and harvesting techniques: | have discussed about this in detail above as it is necessary for the
future availability of a good quality botanicals (Ahirwar et al. 2020).

Conservation of biodiversity and rational trade programs: The conservation of biological diversity, as well as fair-trade
activities to ensure that biological resources are sourced from countries based on the principles endorsed by indigenous
communities and traditional knowledge holders is significant (Makita2016).
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Novel botanic... ingredients through waste valorisation: Investment in circular economy : Processing and agricultural
wastes represent vast opportunities for the creation of novel botanical actives Waste stream based innovation should
promote principles of a Circular Economy aimed at promoting zero-waste generation (Ferronato et al., 2019).

Sustainable use and dosage optimization:: Moreover, the constant research of technologies aim to optimize the
formulation and dosages in aquafeeds feeding those biomolecules try imply that maximum benefits can be obtained with
regards to resource efficiency thus reducing environmental impact (Onomu and Okuthe2024).

Summary of Key Points

Novel utilization of botanicals in aquafeeds has many advantageous attributes including growth promotion, improved
nutrient utilization or increased resistance against various diseases. Yet it is also challenging to maintain the quality, safety
and organic identity of inputs because they might be essential oils made out from batches with different chemical
compositions; they might have contaminants in them; or there could even be a risk that lots are being adulterated or
replaced by another oil entirely.
Many strategies, techniques have already been talked in this chapter to cope these challenges.
1. Create standards on botanical ingredients by setting quality norms, drafting monographs and giving reference
materials.
2. Methods of authentication like macroscopic and microscopic assessment, chromatographic methods, spectroscopic
techniques and DNA based assays.
3. Strategies for quality control, like GACP (good agricultural and collection practices), GMP (good manufacturing
practice standards) supplier qualification, as well as more stringent sampling and testing requirements.
4. Regulatory dimensions and harmonisation efforts, in collaboration with international organisations and on initiatives
to converge standards/guidelines across regions.
5.  Documentation, record-keeping and authentication at the origin or other critical points in a supply chain including
traceability through the system.PostMapping of performance-mediated operational documentation.
6. Success stories, challenges and lessons learned from selected case studies with botanical ingredients in a product
supply chain.
7. Outlook and emerging trends; novel analysis technologies, blockchain to traceability solution and sustainable sourcing
practices.

Importance of Quality Control and Standardization

Because of these various reasons, quality assurance in regard to botanical ingredients used is via aquafeeds an
essential factor.

Siege on animal health and welfare: Farmed aquatic species require an uninterrupted supply of nutrients, and

contaminants, adulterants or substandard botanical ingredients can jeopardize this need as well as their overall condition
thus lowering productivity while making them more susceptible to diseases which in turn may affect food safety.
Effectiveness and consistency: Standardization and quality control measures guarantee the biological activities are
consistent, while also ensuring the expected effects of botanicals in this way that other ingredients perform reliably and
predictably across all aquafeeds.
Consumer confidence and market access: There are rising pressures from consumer's as well regulatory authorities for
transparency, traceability, upholding sustainability principles and quality assurance in a range of aquaculture products
including feed ingredients used. Effective quality control builds consumer confidence and can help to develop markets for
aquaculture products.

Today, some major strides have been made to overcome quality control and authentication challenges for botanicals
used in aquafeeds; however, many of them are still need more research and collaborative work that require critical
scientific attention along the supply chain.

Future Research Directions and Collaborations

While significant progress has been made in addressing quality control and authentication challenges for botanical
ingredients in aquafeeds, several areas require further research and collaborative efforts:

This includes continued research to develop more standardized analysis methods and authentic reference materials
for a greater number of botanical constituents, in order to better enable proper identification/support quality control
efforts.

Novel analytical approaches: New methodologies, such as metabolomics and hyphenated techniques in combination with
imaging methods or even artificial intelligence (Al), may provide new insights for sophisticated authentication and quality
control strategies.

Regulatory harmonization: The concerted efforts from international organizations, regulatory bodies and industry
stakeholders are pertinent to standardize the regulations/standards pertaining botanical ingredients used in aquafeed
across different regions.

Assuring sustainable sourcing and consumption practices: Explore the sustainability of production, biodiversity
conservation, fair trade agreements and circular economy models related to botanicals application in aquafeeds.
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Promoting interdisciplinary collaboration: Sustain inter-play among scientists, aquafeed manufacturers, botanical suppliers,
regulatory agencies and other stakeholders which might be critical for sharing of information such that resources are
pooled to develop holistic approach in solving challenges relating to quality control and authentication

Focusing on quality control, standardization and responsible practices will allow for the maximum utilization of
botanical ingredients within aquafeeds concurrently with ensuring safe, effective and sustainable operations in the global
aquaculture market.
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