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ABSTRACT

Objective: To perform a literature review on antioxidant compounds present in fermented milks, highlighting
their potential role in mitigating oxidative stress.

Design/methodology/approach: This review analyzes scientific literature addressing the antioxidant
components of fermented milks, including native milk constituents, microbial metabolites, and bio-transformed
compounds generated during fermentation.

Results: Fermented milks contain a wide spectrum of antioxidant compounds arising from milk components,
microbial metabolism, and LAB-mediated bio-transformations. These compounds collectively contribute to
scavenging free radicals and reducing reactive oxygen species (ROS).

Limitations on study/implications: Further in vivo studies and clinical evidence are needed to substantiate
health claims and clarify dose-response relationships.

Findings/conclusions: The available evidence supports fermented milks as promising functional foods with
substantial antioxidant potential. Their regular consumption may contribute to protection against oxidative
stress-related damage and associated chronic degenerative diseases, positioning fermented milks as a potential
first line of dietary defense.

Keywords: Fermented milks; antioxidants; lactic acid bacteria; probiotics; oxidative stress; functional foods.

INTRODUCTION

Fermentation is the oldest biotechnological method used to extend the shelf life of
milk and has been practiced for myriads of years across diverse cultures (Hill et al.,
2017).
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and being associated with health-promoting effects since medieval times (Hill et al.,
2017; Yerlikaya, 2023).

Early production of fermented milk relied on spontaneous fermentation by native
microflora present in raw milk. In contrast, present methods use selected starter cultures,
allowing control over fermentation parameters and consistent product quality. These
starter cultures contribute to food safety and influence sensory, technological, nutritional,
and health-related properties of the final product (Bintsis & Papademas, 2022).

At biochemical level, lactic acid bacteria (LAB) play multiple essential roles in
fermented milks, contributing to both product quality and nutritional value. They
are primarily responsible for the production of lactic acid and various antimicrobial
compounds, which enhance preservation and microbiological safety (Sharma et al.,
2023; Yerlikaya, 2023). In addition, LAB synthesize key flavor compounds, such as
acetaldehyde, that are characteristic of fermented dairy products. These microorganisms
also produce exopolysaccharides, which improve texture and mouthfeel. In addition,
fermentation promotes changes in lipid fractions, mineral bioavailability, and the stability
and synthesis of vitamins. Collectively, these activities lead to an overall improvement of
the nutritional value of fermented milks (Anumudu et al., 2024).

The health benefits of fermented milks arise from the biologically active components
naturally present in milk, the metabolites produced and those biotransformed by LAB
during fermentation, resulting in a biogenic effect that enhances the functional value
of these products (Sharma et al., 2023). During fermentation, microorganimsms drive
complex biochemical transformations, including lactose fermentation and proteolysis
of milk proteins, leading to the release of peptides, free amino acids, and other low-
molecular-weight compounds with potential biological activity. In addition to generating
beneficial compounds, certain LAB strains (probiotics) exert direct effects on the host,
including improved lactose digestion, modulation of immune responses, maintenance
of gut microbiota balance, reduction of serum cholesterol levels, among others (Gao ¢t
al., 2025; Kaur et al., 2022). More recently, several LAB strains have also been shown to
possess intrinsic bioactive propesties, further expanding their significance as functional
microorganisms and reinforcing the potential of fermented milks as health-promoting
foods (Bryukhanov et al., 2022).

The scientific interest in the health effects of fermented milk dates back to the early
20" century, when Metchnikoff proposed that the consumption of yogurt containing
LAB could positively influence gut microbiota composition, contributing to improved
intestinal health and longevity (Bintsis & Papademas, 2022). These early hypotheses placed
the foundation for contemporary research exploring the biochemical and physiological
mechanisms through which fermented milks exert health-promoting effects, including
their antioxidant benefits.

On the other hand, oxidative stress is recognized as a key factor in the development of
various diet-related chronic diseases, underlining the importance of dietary antioxidant
as a key nutritional property of foods (Fardet & Rock, 2018). In this sense, it has been
reported that fermented milks exhibited antioxidant activity, which is attributed to multiple

biomolecules, including the release of antioxidant peptides during protein hydrolysis and the
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formation of microbial metabolites with redox activity (e.g. vitamins, exopolysaccharides).
These antioxidant properties not only add functional value to fermented dairy products

but also position them as promising dietary components for promoting overall health.

Antioxidants and Their Relevance in Fermented Milks

Antioxidants are molecules capable of preventing or reducing oxidative damage caused
by reactive oxygen species (ROS). Epidemiological evidence suggest that an adequate
consumption of dietary antioxidants may contribute to the prevention of chronic diseases
such as cancer, cardiovascular disorders, and neurodegenerative conditions (Muscolo e?
al., 2024). ROS can react with lipids, proteins, and DNA, generating cellular damage that
contributes to disease progression; however, it is important to note that certain reactive
species also play essential physiological roles in cell signaling and immune responses (Sies
etal., 2022).

Diet plays a crucial role in modulating oxidative stress and maintaing redox homeostasis
(Zujko & Witkowska, 2023). In this sense, antioxidant-rich foods, including fermented
milks, as key components of a health-promoting diet. Beyond supplying essential nutrients,
dietary patterns influence the balance between pro-oxidant and antioxidant processes,
thereby affecting the capacity of biological systems to counteract free radical generation.
Fermented milks, in particular, have attracted growing attention because their fermentation
process enhances the bioavailability and bioactivity of antioxidant compounds naturally
present in milk. Lactic acid bacteria not only preserve nutritional quality but can release
bioactive peptides, synthesize antioxidant metabolites, and modulate host antioxidant
defenses. As a result, the regular consumption of fermented dairy products may contribute
to mitigating oxidative damage, supporting immune function, and promoting overall
metabolic resilience, thereby reinforcing their potential role in the prevention of oxidative
stress-related disorders and in the promotion of overall health (Stobiecka et al., 2022).

Native Milk Constituents as Sources of Antioxidants

Milk and dairy products naturally contain a diverse array of antioxidant systems
that contribute to their capacity to counteract oxidative stress. Among these, enzymatic
antioxdiants including superoxide dismutase (SOD), catalase, and glutathione peroxidase,
which play an important role in protecting against oxidative damage. Although the
activity of these enzymes may be partially reduced during processing, a fraction remains
functional in the final products (Khan et al., 2019; Stobiecka et al., 2022). Moreover, during
fermentation, their antioxidant capacity may be complemented or enhanced by microbial
enzymes produced by lactic acid bacteria, thereby contributing to the overall antioxidant
potential of fermented dairy products (Khan ¢z al., 2019).

Beyond enzymatic defenses, milk and dairy products contain a wide range of non-
enzymatic antioxidants that contribute significantly to their overall antioxidant capacity.
Fat-soluble vitamins such as vitamins A and E play a crucial role in protecting milk
lipids from peroxidation, while water-soluble vitamin C contributes to the scavenging
of aqueous-phase free radicals and the regeneration of other antioxidants. In addition,

carotenoids present in milk fat exhibit potent antioxidant activity and may also contribute
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to anti-inflammatory effects. Conjugated linoleic acid (CLA), a bioactive lipid found in
dairy fat, has been reported to exert antioxidant effects through modulation of oxidative
pathways and lipid metabolism (Khan et al., 2019; Zaitsev, 2025). Reduced glutathione
(GSH) represents another key component of the milk antioxidant system, acting both as a
direct scavenger of reactive species and as a substrate for glutathione peroxidase, thereby
maintaining cellular redox homeostasis. Furthermore, essential trace minerals such as
zinc and selenium contribute indirectly to antioxidant defense by serving as structural or
catalytic cofactors for antioxidant enzymes, including SOD and glutathione peroxidase
(Zaitsev, 2023).

Collectively, these native milk constituents form a multifaceted antioxidant network
that provides a biochemical foundation for the antioxidant properties of fermented dairy
products. When combined with fermentation-derived bioactive compounds and LAB-
mediated metabolic activities, these intrinsic antioxidants substantially enhance the

functional value of fermented milks as dietary sources of redox-active components.

Microbial-Derived Antioxidant Metabolites in Fermented Dairy Products

Traditionally, dietary proteins have been regarded as sources of energy and essential
amino acids. However, accumulating evidence indicates that milk proteins also contain
encrypted bioactive peptides that exert physiological functions in cardiovascular, immune,
digestive, and nervous systems. These peptides are inactive within the parent proteins and
are released during fermentation, storage, ripening, or gastrointestinal digestion (Auestad
& Layman, 2021; Chourasia et al., 2021).

Fermented dairy products, including yogurt, kefir, sour milk, and other LAB-fermented
milks, are recognized as important sources of antioxidant peptides. During fermentation,
LAB proteolytic systems cleave caseins and whey proteins, generating low-molecular-
weight peptides with antioxidant potential. he antioxidant activity of these peptides is
strongly dependent on their amino acid composition and sequence, particularly the
presence of residues such as histidine, tyrosine, cysteine, and methionine, which contribute
to free radical scavenging, proton donation, and metal ion chelation. In addition, peptide
hydrophobicity, molecular size, and overall structural conformation play critical roles in
determining their effectiveness as antioxidants (Peres Fabbri ez al., 2024; Wréblewska et al.,
2023).

Beyond fermentation, the antioxidant potential of fermented dairy products may be
further enhanced during gastrointestinal digestion. Digestive enzymes such as pepsin,
trypsin, chymotrypsin, and brush-border peptidases can release additional antioxidant
peptides from both native milk proteins and fermentation-derived peptides. This sequential
hydrolysis increases peptide bioaccessibility and may amplify their capacity to neutralize
reactive oxygen species, chelate pro-oxidant metal ions, and inhibit lipid peroxidation,
thereby extending the functional relevance of fermented milks beyond the food matrix
(Quintieri et al., 2024; Singh & Gaur, 2024).

Several LAB strains are capable of synthesizing or enhancing the bioavailability of
antioxidant-related vitamins during milk fermentation, particularly B-group vitamins.

Among these, folic acid (vitamin B9) plays a pivotal role in nucleotide biosynthesis and
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one-carbon metabolism, being essential for DNNA synthesis and methylation reactions.
Although folate does not act as a direct radical scavenger, it exerts indirect antioxidant
effects by regulating homocysteine metabolism, thereby reducing oxidative stress associated
with hyperhomocysteinemia (Abdul Hakim et al., 2023). Certain LAB strains, such as
Lactobacillus and Lactococcus species, have been reported to synthesize folate during milk
fermentation, contributing to the nutritional and functional enhancement of fermented
dairy product (Mahara et al., 2021). In addition, LAB-mediated production of riboflavin
(vitamin B2) and other cofactors involved in redox reactions may further support cellular
antioxidant defenses (Zhang et al., 2022).

On the other hand, organic acids produced during fermentation, including lactic,
acetic, and propionic acids, also contribute indirectly to antioxidant activity. These
compounds lower the pH of the dairy matrix, which can inhibit oxidative reactions
and enhance the stability of antioxidant peptides and vitamins (Anumudu e¢ al., 2024;
Erem & Kilic-Akyilmaz, 2024). Moreover, certain organic acids exhibit metal-chelating
properties, reducing the availability of pro-oxidant metal ions such as iron and copper,
thereby limiting the formation of reactive oxygen species via Fenton-type reactions
(Mussio et al., 2025).

In contrast, exopolysaccharides synthesized by LAB are high-molecular-weight
polymers that play important roles in the technological properties of fermented milks, such
as viscosity and texture. Beyond these functions, EPS have been increasingly recognized
for their biological activities, including antioxidant effects (Jurdskova et al., 2025; Zhang et
al., 2025). LAB-derived EPS can scavenge free radicals, chelate metal ions, and modulate
cellular antioxidant pathways. Their antioxidant capacity is influenced by monosaccharide
composition, molecular weight, and branching degree, as well as by fermentation conditions
and bacterial strain specificity (Herndndez-Figueroa et al., 2025; Zhang et al., 2023).

Collectively, the generation of antioxidant peptides and microbial-derived metabolites
during fermentation underscores the importance of LAB strain selection and fermentation
conditions in maximizing the antioxidant potential of dairy products. Understanding these
microbial-driven biochemical processes is essential for the rational design of fermented

milks with enhanced functional and health-promoting properties.

Bio-Transformed Antioxidant Compounds Generated During Fermentation
Although milk itself is not a primary source of phytochemicals, fermented milks can
act as effective carriers and transformation matrices for phytochemicals introduced
through plant-derived ingredients, such as fruits, cereals, legumes, herbs, or plant extracts.
During fermentation, lactic acid bacteria (LAB) mediate the bio-transformation of
these phytochemicals through enzymatic and metabolic activities, often enhancing their
bioavailability and antioxidant capacity (Dixit ez al., 2023; Wréblewska et al., 2023).
Polyphenols, including phenolic acids, flavonoids, and tannins, are among the most
extensively bio-transformed phytochemicals in fermented milks. LAB enzymes such as
B-glucosidases, esterases, and phenolic acid decarboxylases hydrolyze glycosylated or
polymeric phenolic into simpler aglycone forms, which generally exhibit higher antioxidant

activity and improved intestinal absorption. Similarly, bound phenolic compounds can
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be released from plant matrices during fermentation, increasing their functional efficacy
(Dissanayake et al., 2025; Kumar et al., 2025).

Other phytochemicals, such as carotenoids and phytosterols, may undergo structural
modifications during fermentation that improve their stability or bioaccessibility within
the dairy matrix (Dissanayake et al., 2025; Kanimozhi & Sukumar, 2025; Kumar et al.,
2025). LAB metabolism can also reduce molecular complexity or alter redox properties,
contributing to enhanced radical-scavenging or metal-chelating activity (Arslan ez al., 2025;
Mussio et al., 2025). Additionally, interactions between phytochemicals and milk proteins
or peptides generated during fermentation can protect these compounds from degradation
and modulate their release during digestion (Fitsum ez al., 2025; Kumar et al., 2025).

Opverall, the bio-transformation of phytochemicals in fermented milks is driven by LAB
enzymatic activity, changes in pH, and matrix interactions, resulting in fermented dairy
products with improved antioxidant potential and functional properties. This highlights
the relevance of fermented milks as versatile platforms for delivering bioactive plant

compounds and developing innovative functional foods.

CONCLUSIONS

Fermented milks are valuable functional foods containing natural and microbial derived
antioxidant compounds. LAB contribute to antioxidant activity through production of
bioactive metabolites, release of peptides, synthesis of vitamins such as folate, and the
intrinsic antioxidant properties of their cells and intracellular components. Although a
substantial body of in vitro research demonstrates strong antioxidant potential, more in
vivo studies are required to fully understand the mechanisms and health implications.
Given their global consumption, sensory acceptability, and proven functional properties,
fermented milks represent a promising dietary strategy for mitigating oxidative stress and
promoting human health.
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ABSTRACT

Objective: To examine the presence, stability, and functionality of natural polyphenols in commercial food
matrices. The effects of industrial processing and the emerging technological benefits for their protection were
also considered.

Design/Methodology/Approach: A review of natural polyphenols in fruits, vegetables, cereals, and beverages
(alcoholic and non-alcoholic) was conducted. The oxidation mechanisms present in food matrices and the
stability of the molecules during processing were described. Emerging technologies, such as encapsulation, for
preserving the antioxidant functionality of natural polyphenols were analyzed.

Results: Natural polyphenols are present in a variety of foods; their composition is linked to the type of food,
the plant tissue, and the growing and post-harvest handling conditions. Fruits are notable for their phenolic
acids, anthocyanins, and flavonoids. Vegetables are predominantly composed of hydroxycinnamic acids and
flavonoids, cereals contain lignans and resorcinols, and beverages contain flavonols, catechins, and resveratrol.
Food processing reduces the bioavailability and functionality of polyphenols through oxidation, heat, pH,
and exposure to oxygen. Techniques combined with heat treatments, such as microwaves, ultrasound, and
bioprocesses, particularly encapsulation, help preserve natural polyphenols and improve their stability and
solubility.

Limitations/Implications of the study: The loss of natural polyphenols during industrial processing reduces
their antioxidant activity. Emerging technological alternatives applicable to the production of functional foods
are needed.

Findings/Conclusions: Natural polyphenols are molecules with varied bioactivity in different food matrices.
Their stability depends on the food and the processing applied. Emerging technologies exist to preserve food
functionality, including encapsulation, an effective strategy.

Keywords: Natural polyphenols, functional stability, Food processing, encapsulation.

INTRODUCTION

Natural polyphenols (NPs) are a group of molecules produced by plants; they are
secondary metabolites formed in response to internal or external stressors (such as UV
radiation, insects, fungi, and animals). Chemical processes produce synthetic polyphenols;
they exhibit high stability and efficacy but can cause toxicity (Delgado-Arenas, 2019),
which is why NPs are preferred for consumption. Currently, more than 8,000 NPs are
registered, in which an aromatic group forms the basis of their structure and 1s linked to

one or more hydroxyl groups (Di Lorenzo et al., 2021; Rana et al., 2022). Polyphenols
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can be grouped into flavonoids (anthocyanins, flavonols, flavones, isoflavones, flavanones,
and stirbenes) and non-flavonoids, which include phenolic acids, tannins, stirbenes,
and lignans, among others. Previously, polyphenols were categorized as antinutritional
components, without an essential function in human nutrition; however, various studies
have recognized that polyphenols are molecules with antioxidant, anti-inflammatory, anti-
allergic, and anti-hyperglycemic functions, as well as a direct connection with favorable
responses in metabolic pathways and the gut microbiota (Ramaiah et al.,, 2024). The
antioxidant functionality of polyphenols has been demonstrated in several studies where
they can eliminate reactive oxygen species (ROS) and chelate transition metals (Zhong et
al., 2020); they have been considered as potentially useful in the control of degenerative
diseases, specifically due to their ability to inhibit cyclooxygenase and lipoxygenase,
enzymes responsible for the inflammatory process, and acetylcholinesterase, associated
with the development of Alzheimer’s or Parkinson’s diseases (Nwidu et al., 2019).
Antioxidant capacity is a functionality that can be measured in in vitro and in vivo
assays. In particular, food matrices are evaluated using in vitro assays; these quickly
measure bioactive compounds, and results are known within product batches. The most
commonly used assays are those that employ a free radical to neutralize electron and
hydrogen transfer mechanisms or the chelation of transition metals, such as the DPPH
method (using the 2,2-diphenyl-1-picrylhydrazyl radical), the ABTS method (using the
2,2’-azino-bis-(3-ethylthiazolinebenzenesulfonic acid-6) radical), the FRAP assay (using
ferric reduction), and the ORAC assay (measuring oxygen radical absorption capacity),
among others (Munteanu & Apetrei, 2021; Lang et al., 2024). Natural particles have been a
focus of interest for the functional food industry. However, the presence of natural particles
in food does not guarantee that functionality will remain intact throughout the agricultural
chain, post-harvest, and processing. It has been observed that factors such as growing
conditions, post-harvest practices, and the presence of Oxygen levels, hours of sunlight,
chemical composition, and heat treatments can cause the degradation, oxidation, or
imbalance of NPs in the food matrix (Tian ez al., 2025), directly affecting their stability and
functionality. Therefore, it is necessary to study how NPs behave in food matrices to ensure
their preservation and leverage their functionality in food processing. This review analyzes
the presence and characteristics of NPs in various food matrices, the oxidation mechanisms
that can affect their stability and functionality, and the limitations encountered during
processing. The second section addresses emerging technologies proposed as alternatives to
improve and/or preserve bioactivity in processed foods. Overall, the aim is to understand
the current challenges and opportunities for maintaining NP functionality in the food

industry.

Natural polyphenols in foods

The concentration and composition of polyphenols in plant-based foods vary according
to genetic, environmental, and physiological factors specific to each crop. Maturity
level, climatic conditions, and post-harvest handling influence polyphenol biosynthesis.
The type of plant tissue, such as peel, leaves, pulp, and seed, varies in the content and

structural diversity of polyphenols (Aneklaphakij ez al., 2021). Several studies have reported
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that plants of the same species exhibit significant variation in phenolic content due to
overexposure to solar radiation or to nutrient availability, which affects enzymatic activity
in the phenylpropanoid pathways (Aneklaphakij ez al., 2021; Rienth et al., 2021). Therefore,
it can be explained that polyphenols are distributed in complex ways across different food
matrices, from fruits and vegetables to cereals and alcoholic and non-alcoholic beverages,
which constitutes a line of work to understand their behavior during food processing.

Fruits are recognized sources of NPs, with berries, citrus fruits, drupes, pomes, and
tropical fruits containing the highest levels. Berries are reported to contain 30 to 2000
mg/100g of total polyphenols (TPs), exhibiting a broad polyphenol profile characteristic
of each species, notably anthocyanins, ellagitannins, and proanthocyanidins (Arena et
al., 2023). The polyphenols in citrus fruits are primarily flavone glycosides, followed by
polymethoxylated flavones, anthocyanins, and traces of hydroxycinnamic acids. The
NPs found in bottled orange juice are hesperidin, narirutin, and didymin (65, 13, and
15 mg/250 mL of TPs, respectively) (Sanches et al., 2022). Pome fruits (pear, apple, and
quince) and drupes (cherry, peach, plum, and nectarine) primarily contain a mixture of
TPs compounds, including chlorogenic acids, anthocyanins, flavonols, catechins, and
proanthocyanidins. Specifically, hydroxycinnamic acid and anthocyanins predominate in
drupes, while neochlorogenic acid is the most prevalent in other pomos (Lujan et al., 2023).
The variation in TPs content among tropical fruits is significant, ranging from 15 to 143
mg/100 g. Guava contains the highest amount (126 mg/100 g), followed by kiwifruit (116
mg/100 g), mango (104 mg/100 g), and pomegranate juice (44 mg/100 ml) (Dominguez-
Rodriguez et al., 2021).

Hydroxycinnamicacids predominateinleafy vegetables;lettuce contains 5-cafteoylquinic
acid and quercetin glycosides; spinach is high in flavonols derived mainly from quercetagetin.
Swiss chard contains up to 1320 mg/100 g, including vitexin 2”-O-xyloside and kaempferol
3-Ogentiobioside. Onions have a higher quercetin content (3.2, 12, and 17 mg/100g in
white, yellow, and red onions, respectively). Root vegetables, specifically the cell wall of
carrots, contain 5-caffeoylquinic acid, coumaroylquinic acids, and esterified feruloyl acids;
black carrots contain anthocyanins (xylosylglucosylgalactoside). Celery contains up to 14
mg/100g of TPs, notably furanocoumarins (8-methoxypsoralen and isopimpinelin), while
Swiss chard has 410 mg/g of TPs. Colored potatoes contain twice as many NPs as white
potatoes; the main polyphenol is chlorogenic acid (14). mg/100 g) (Kuppusamy et al., 2020;
Yuan et al., 2020).

The NPs in the pericarps of cereals such as barley, buckwheat, maize, oats, rice, rye,
sorghum, and wheat mainly contain phenolic acids (free or bound: 4-hydroxybenzoic acid
and ferulic acid), flavonoids, and resorcinols. Barley flour has been quantified at up to 73
mg/100 g of PCs (Deng et al., 2021), while buckwheat reports 37 and 8 mg/100 g of PCs
for whole and refined flours, respectively. Maize kernels have a PC content of 179 mg/100
g, notably containing ferulic acid, synaptic acid, p-coumaric acid, 2-hydroxybenzoic acid,
caffeic acid, and syringic acid. Specifically, red, blue, purple, and orange corn varieties are
predominantly composed of anthocyanins, while whole grain flours have been identified
as containing lignans such as syringaresinol, oxomatairesinol, and hydroxymatairesinol

(Suriano et al., 2021). Oats, consumed as rolled oats, whole grain oats, and whole grain
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oat flour, have a protein content of 26, 39, and 82 mg/100 g, respectively. The polyphenol
mixture includes phenolic acids (ferulic acid, vanillic acid, 4-hydroxybenzoic acid, caffeic
acid, and vanillin), avenanthramides (N-caffeoyl-3-hydroxyanthranilic acid, N-feruloyl-
5-hydroxyanthranilic acid, and N-p-coumaroyl-5-hydroxyanthranilic acid), and lignans
(hydroxymatairesinol, lariiresinol, matairesinol, pinoresinol, and syringaresinol) (Raguindin
et al., 2021). Rice grain contains ferulic acid (23 mg/100 g of refined flour and 91 mg/100 g
of whole grain flour), followed by p-coumaric acid and resorcinols (5-heneicosylresorcinol,
5-heptadecylresorcinol, and 5-nonadecylresorcinol). Colored varieties such as black rice
contain anthocyanins (cyanidin 3-glucoside) (Ramos et al., 2023). Sorghum contains up to
413 mg/100g of protein, mainly proanthocyanidins, phenolic acids, and lignans (Kumari
et al., 2021). Wheat contains protein in the endosperm and bran, with concentrations 15
times higher in the endosperm. Protein contains phenolic acids (ferulic acid, p-coumaric
acid, synaptic acid, caffeic acid, vanillic acid), alkylresorcinols (5-heneicosenylresorcinol
and 5-heneicosylresorcinol), lignans, anthocyanins, and flavones (Tian et al., 2021).

Beers and wines are rich in TPs (quantified by the Folin method). Beer contains
xanthohumol, isoxanthohumol, 6-prenylnaringenin, ferulic acid, gallic acid, vanillic acid,
p-coumaric acid, and synaptic acid, with TPs concentrations of 52, 42, and 28 mg/100 mL
for ale, dark beer, and light beer, respectively. The concentration and type of polyphenols
depend on the ingredients, processing, aging, and storage (Cortese et al., 2020; Sibali¢ et
al., 2021). Grape polyphenols are highest in the seed (60%) and skin (30%), followed by the
pulp and stem (<10%). During winemaking, NPs are obtained through vinification; the
quantity and type of NPs depend on the grape species, the process, time and type of aging;
including phenolic acids, styrbenes, flavonols, dihydroflavonols, anthocyanins (malvidin
3-O-glucoside, malvidin 3-O-(6-acetyl-glucoside)), catechins and proanthocyanidins, in
TPs concentrations of 216, 32 mg/100 ml in red wine and white wine, respectively. Wine
resveratrol has high biological activity; it occurs as aglycones (trans- and cis-resveratrol),
glycosides (trans- and cis-piceid), and dimers (viniferin and pallidol) (Dos Santos et al.,
2022; Pereira-Coelho et al., 2023).

Coffee and tea are the non-alcoholic beverages with the highest TPs content. Green
coffee beans contain approximately 45 chlorogenic acids. When making the beverage,
roasted beans are used, and this process influences the variability of TPs composition,
as do bean maturity, storage, and brewing methods. The main components are phenolic
acids, including 5-caffeoylquinic, ferulic, p-coumaric, 4-hydroxybenzoic, and vanillic
acids. The only lignan identified was secoisolariciresinol, with TPs concentrations of 87-
212 mg/mL (Mehari et al., 2021; Alnsour ¢t al., 2022). Brewed tea contains up to 40%
TPs; its content varies depending on the serving size. Green tea contains 7 catechins ((+)-
gallocatechin, (+)-gallocatechin 3-O-gallate, (—)-epicalocatechin, (—)-epicalocatechin
3-O-gallate, (—)-epicatechin and (—)-epicatechin 3-O-gallate), phenolic acids, flavonoids
and proanthocyanidins (65.7, 12.5, 5.3 and 5.5 mg/100 mL, respectively) (Abdullah &
Mazlan, 2020), and for black tea a fermentation must be carried out in which thearubigins
and theaflavins are formed by the oxidation of polyphenols. Cocoa beans store up to 2% w/w
of protein in the cotyledon. When the beans are fermented, and cocoa powder is obtained,

the protein composition is 5624 mg/100 g, consisting mainly of flavonols (catechins and
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proanthocyanidins). During chocolate processing, epicatechins and phenolic acids are

formed, while clovamide and deoxyclovamide predominate in cocoa liquor (see Figure 1).

Effects of industrial processing on food matrices

The food industry uses technology to process food to provide microbiologically safe
edible products, improve the digestibility of some nutrients, and develop the organoleptic
characteristics of smell and texture. Processing induces structural changes within the
food matrix and affects the polyphenols present naturally or added to prevent oxidation
in easily degraded foods (Cao et al., 2021). Food processing can include thermal and
mechanical treatments, refrigeration, drying, and fermentation (Conte et al., 2023),
which cause significant changes in structure and composition, with effects that may be
desirable or undesirable (Arfaoui, 2021). In particular, exposure to pro-oxidant metals
and/or oxygen-rich atmospheres, heat, and pH changes promotes oxidation reactions
that lead to the loss of molecules and their functionality (Cao et al., 2021). Food quality
is also affected by oxidation, compromising the functionality of native proteins, lipids,
carbohydrates, and polyphenols. Oxidation influences the bioavailability, functionality,
and stability of bioactive components during processing and storage (Conte et al., 2023;
Dini & Grumetto, 2022).

Protein oxidation is another cause of food spoilage, resulting in the loss of thousands
of pesos’ worth of products that are not consumed as intended. Amino acid side chains
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can undergo oxidation reactions, altering protein function and compromising food quality.
Protein oxidation is primarily a consequence of the presence of free radicals, heat treatments
that modify protein structure, and myoglobin or metal catalysts (Davies, 2016). Protein
oxidation promotes the generation of hydroxyperoxides, carbonyls, and sulfoxides, and the
solubilization of proteins through the breaking of peptide bonds. Carbonylation of protein
groups is similar to lipid oxidation. In the first stage, a hydrogen atom is removed from the
protein structure by a reactive oxygen species, generating a protein free radical (P *) in the
presence of molecular oxygen. The Pe transforms into a peroxyl radical, which can react
with another protein and trigger oxidative reactions. In the second stage, an alkoxyl radical
is formed (Dominguez et al., 2021). In meat products, the protein carbonylation process
results in loss of juiciness and tenderness, color changes, decreased protein digestibility, and
impaired functionality.

Lipid oxidation occurs in three stages: the first is initiation, in which a hydrogen atom
is removed from an unsaturated fatty acid (RH) by a reactive species, generating an alkyl
radical (Re). Endogenous enzymes, metalloproteins, light, and high temperatures are
recognized as catalysts for this first stage, generating radicals such as the hydroxyl radical,
the superoxide anion, singlet oxygen, the lipid radical, or the peroxyl-lipid radical. In the
second stage, atmospheric oxygen reacts with the alkyl radical, forming a peroxyl radical.
This promotes the removal of another hydrogen atom from a neighboring fatty acid,
continually forming alkyl radicals. In this phase, it is common for products to develop a
rancid odor, resulting from lipid peroxidation and the formation of aldehydes, ketones,
and malondialdehyde (Hennebelle et al., 2024). In the third stage, termination and direct
interaction between two radicals result in dimers, trimers, or fatty acid polymers. Especially
in food matrices of animal origin, polyoxygenated cholesterol derivatives are produced,
which are potentially toxic (Wu et al., 2024).

In the case of fried foods with high fat and carbohydrate content, deterioration occurs
due to the generation of lipid-free radicals, resulting from thermal oxidation or auto-
oxidation (Zeb, 2019). Protein-rich foods subjected to heat treatments above 250 °C and
in the presence of free radicals form heterocyclic amines (Ferndndez et al., 2012). The
presence of these compounds has been linked to chronic degenerative diseases caused
by the consumption of processed and ultra-processed foods. Processed food matrices are
susceptible to oxidation but can self-regulate when they contain native antioxidants, such
as vitamins, carotenoids, and polyphenols, which can neutralize reactive oxygen species
and reduce deterioration. This self-regulation depends on the stability and concentration
of the antioxidants. However, when intrinsic antioxidant capacity is lost, the addition of
antioxidant-rich extracts, such as polyphenols, provides stability to the processes. The
changes that polyphenols undergo during processing are, in many cases, desirable, even if
they involve some loss, due to the desired sensory quality of the final product. In the case of
grape fermentation, aged wines degrade anthocyanins, thereby achieving sensory stability.
In barley malting, a pretreatment for beer production, up to 60% of flavonoids are lost;
however, polyphenol derivatives are generated that give each type of beer its characteristic
profile. The decaffeination process eliminates 9% of chlorogenic acid, and roasting the

grain reduces polyphenols by 67% to 90%.
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Packaged tea contains fewer polyphenols than tea consumed directly due to
pasteurization. In the case of grains, most of the NPs on the outside of the seeds are lost
during the mechanical refining process; however, some NPs can be retained in whole-
grain flours. Tortillas made with corn in Latin American countries use nixtamalization (an
alkaline-thermal process), in which the presence of Ca”* and the temperature reduce the
total polyphenol content by 78-90%. Pearling oats reduces avenanthramides by 58-83%.
Flaked sorghum loses up to 90% of its proanthocyanidin polymers. Products made with
whole-wheat flour retain 80% of their total polyphenol content, while those made with
refined flour have a low NPs content. Baked potatoes contain 80% less 5-caffeoylquinic
acid, microwaved potatoes retain 55% of the same polyphenol, and fried potatoes do not
contain 5-caffeoylquinic acid. (Dao & Friedman, 1992; Peaterson et al., 2001; Rothwell et
al.,2013).

Emerging technologies for polyphenol protection

Foods selected to preserve polyphenol functionality employ technologies that reduce
polyphenol loss, such as vacuum thermal processing, microwaves, and ultrasound.
Alternatives to thermal treatment also exist, such as high-pressure, freeze-drying, and
bioprocesses, which reduce polyphenol loss and improve bioaccessibility (Conte et
al., 2023). Encapsulation is a preferred bioprocess due to its high specificity and ease
of implementation. Polyphenol encapsulation can involve the use of proteins, lipids,
polysaccharides, or mixtures thereof as carriers. This preserves the antioxidant activity of
the polyphenol because the carriers prevent it from interacting with oxygen and water. The
advantages of polyphenol encapsulation, beyond stabilizing them, include preventing the
development of unwanted odors or flavors, improving aqueous solubility, controlling release,
and increasing bioavailability. Encapsulation techniques depend on the desired physical
state, core compound, required particle size, and sensitivity to high temperatures. Notable
techniques include freeze-drying, fluidized bed coating, spray drying, cocrystallization,
extrusion, spray cooling, coacervation, emulsification, nanoencapsulation, and molecular
inclusion.

Freeze-drying and spray-drying are commonly used techniques for removing water
from food matrices with encapsulation effects; they require expensive equipment with
limited operating capacity (Ramirez et al., 2015). Fluidized bed coating is a technique that
involves coating particles suspended in air; it uses various coating materials, such as starch
derivatives, gums, proteins, and cellulose in solution, among others (Lipin & Lipin, 2022).
Co-crystallization modifies the crystalline structure of sucrose to an irregular structure
with pores into which molecules of interest can be incorporated (Pawar et al., 2021).
Extrusion is a technique that forces a polymer solution, along with the molecules to be
encapsulated, through a small orifice into a gelling solution. This technique uses sodium
alginate as the polymer, and chlorine solution is commonly used as the gelling agent. The
disadvantage of this encapsulation method is the loss of encapsulated molecules, and its
industrial application is very expensive (Nurhudan et al., 2021). Spray cooling is similar
to spray drying, except that a cooling chamber is used instead of a drying chamber;

the coating materials employed are lipid-based, such as waxes, fats, fatty alcohols, and
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polyethylene glycols. Coacervation uses the principle of phase separation of a hydrocolloid
from a solution, followed by the deposition of the coacervate phase formed around the
molecule of interest suspended in a medium; this technique is mainly used with high-value-
added compounds due to their high cost (Sing & Perry, 2020). Emulsification involves
dispersing one liquid in another as small droplets; it requires a stabilizing emulsifier, and
drying is used to obtain encapsulated powders.

Nanoencapsulation is a constantly evolving technique that generates particles ranging
from 1 to 1000 nm. It includes nanospheres and nanocapsules. Nanospheres are matrices
in which the molecule of interest is adsorbed to the surface. At the same time, nanocapsules
contain the molecule of interest within a cavity with an internal liquid core surrounded
by a polymer network. This results in greater bioavailability, solubility, and controlled
release (Naskar et al., 2022). Molecular inclusion is a supramolecular technology that
confines molecules of interest, called guests, within a polymer matrix. Interactions between
the interior and exterior can be controlled because the guest fits within a circularly
surrounding molecule through specific hydrophobic and/or hydrophilic interactions.
The main encapsulating polymer used for molecular inclusion is cyclodextrin (Arce-
Vazquez et al., 2016). This technique offers significant advantages, including achieving
desirable biocompatibility, high targeting and safety, a unique molecular structure, and
easy functionalization. Inclusion complexes overcome the limitations of nanoparticle

encapsulation.

CONCLUSION

This review confirms that natural polyphenols are an abundant group of molecules with
antioxidant properties and are of interest to human health. However, their stability depends
on agronomic factors and the mechanical conditions during processing. Polyphenol groups
in food are closely associated with factors of genetic variability, environmental stress, and
physiological maturity. Historically considered antinutritional, NPs are now recognized
for their antioxidant, anti-inflammatory, and regulatory functions in metabolic processes,
which are associated with consumer health. Therefore, NPs can be used in the development
of functional foods; however, their sensitivity to oxidation, heat, pH, and light limits their
direct application.

Furthermore, it is emphasized that food matrices possess self-regulatory mechanisms
that balance oxidation via compounds such as carotenoids, vitamins, and natural
polyphenols. This capacity can be affected when processing conditions favor oxidative
reactions, leading to degradation or reduced functionality. The loss of NPs during
processes such as cooking, roasting, nixtamalization, or refining can be excessive. Still, it
1s sometimes desirable due to its contribution to improving sensory characteristics. NPs
preservation can be achieved through emerging technologies, such as minimal-intensity
processes, bioprocesses, and, especially, encapsulation strategies. These represent
alternatives for improving the stability and bioavailability of NPs. The appropriate
integration of these technologies can foster the development of processed foods with

effective functionality for the contemporary food industry.
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ABSTRACT

Objective: The Cry protein family from Bacillus thuringiensis (Bt) exhibits biocidal activity against various insect
orders, with Lepidoptera being among their primary targets. These insects often evolve into major agricultural
pests, leading to significant crop losses. Consequently, research efforts have focused on the identification and
cloning of the genes encoding these proteins, as well as elucidating their mechanism of action.
Design/Methodology/Approach: Methods for the identification, isolation, and purification of Cry proteins,
along with the current state of the art, were explored, described, and discussed by reviewing relevant literature
using scientific databases for bibliographic research.

Results: Cry proteins constitute a diverse group of molecules with demostrated activity for combating
agricultural insect pests, primarily Lepidoptera. These proteins and their corresponding genes have been
widely studied and employed in the genetic transformation of several crop plant species.
Limitations/Implications of the study: Although several models have been proposed to explain the mode of
action of Cry proteins, molecular mechanism remain unresolved to fully understand their insecticidal activity.
Findings/Conclusions: Bt encodes multiple groups of proteins with insecticidal activity, among which the
Cry protein family is the most extensively studied. The identification of its first members, along with the
elucidation of their three-dimensional structure, has been essential for proposing their mechanism of action.
This has enabled the targeted control of several Lepidopteran pests in agriculture.

Keywords: Pests, insect, toxins.

INTRODUCTION

In contemporary agriculture, one of the most pressing challenges is pest management,
particularly of insect species that have developed resistance to chemical insecticides.
Excessive use of these compounds accelerates resistance, diminishes their efficacy, and



https://orcid.org/0009-0006-3910-9478
https://orcid.org/0000-0002-7763-9529
https://orcid.org/0000-0003-2859-013X
https://orcid.org/0000-0001-6823-8785
https://orcid.org/0000-0003-1290-8852
https://orcid.org/0000-0001-8637-5142
https://orcid.org/0000-0002-1397-1063
mailto:email@xxx.yyy.zzz

AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/px8wvi39 24

results in significant global economic losses (Walsh et al., 2022; Daraban et al., 2023;
Gula, 2023).

Moreover, conventional chemical pesticides generally exhibit a broad spectrum of
activity, affecting not only pests but also pollinators, other beneficial insects, animals, and
even humans (Devine & Furlong, 2007; Walsh et al., 2022; Daraban et al., 2023). These
products also contribute to soil, water, and air pollution. Consequently, global policies are
increasingly oriented toward sustainable alternatives to synthetic insecticides (Devine &
Furlong, 2007; Jurat-Fuentes et al., 2021; Daraban et al., 2023).

Given this context, it 1s imperative to design pest-control strategies that minimize
environmental impact while preserving biodiversity. Biotechnology has played a pivotal
role in this endeavor by providing scientifically grounded solutions based on the use of
biological agents with pest-control potential (Agaisse & Lereclus, 1995; Jurat-Fuentes et al.,
2021; Pacheco et al., 2023). Compared to chemical pesticides, more favorable alternatives
include biochemical control, which employs essential oils, pheromones, hormones, plant
metabolites, and enzymes, as well as biological control using microorganisms such as
bacteria (Brevibacillus laterosporus, Dickeya dadantii, Yersinia spp., among others), fungi
(Beauveria, Metarhizium, Paecilomyces, Verticillium, Trichoderma and many more), beneficial
insects, entomopathogenic nematodes, parasitoids, and viruses such as baculoviruses and
entomopoxviruses (Loth et al., 2015; Springer ¢t al., 2018; Glare et al., 2020; Kim et al.,
2024; de Sousa et al., 2025; Mitsuhashi, 2025; Ng & Zuharah, 2025).

Nevertheless, several of these strategies face limitations such as reduced biocidal efficacy,
restricted specificity, or limited commercial availability, with many still in early research
stages. Therefore, the present work focused on analyzing scientific advances related to Bt
Cry proteins, which have been extensively studied for insect pest control.

Bt, the Bacterium that Synthesizes Insecticidal Compounds

Bt is a Gram-positive, facultative anaerobic bacterium predominantly found in soil,
stagnant water, insects, plants, and other habitats from which it has been isolated (de
Maagd et al., 2003). Historical records indicate that it was first isolated at the dawn of the
20" century by the Japanese scientist Shigetane Ishiwata, from silkworms (Bombyx mori)
that had developed the sotto disease (Roh et al., 2017; Fernandez-Chapa et al., 2019; Li
et al., 2024). Subsequently, in 1915, Berliner again isolated the bacterium from the flour
moth in a storage facility located in Thuringia, Germany, the site from which its name
was derived (Valtierra et al., 2020; Li ¢t al., 2024). During the 1950s and 1960s, it was
reported that certain Bt strains produced intracellular crystal-like inclusions that proved
toxic to specific insect orders such as Lepidoptera, Coleoptera, Diptera, Hemiptera and
Hymenoptera (Figure 1).

The ability of this bacterium to act selectively on harmful insects without affecting
other living organisms made it a valuable tool for biological pest control. In 1938, France
introduced a commercial product called Sporine, formulated with Bt, intended to eradicate
the flour moth (Roh ez al., 2017; Li et al., 2024). Since 1961, in the United States of America
(USA), the first Bt-based products designed for agricultural use have been marketed (Baum

et al., 1999). The potential of this bacterium as an alternative to chemical insecticides
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Figure 1. Insecticidal activity of proteins Cry. Cry toxins have insecticidal activity against different orders of
insects (Lepidoptera, Diptera, Coleoptera, Hymenoptera and Hemiptera). Adapted from Berry ¢t al., 2025.

stimulated the emergence of multiple research lines, which have since expanded to identify
new genes enabling the development of innovative insecticidal products.

At present, numerous Bi-derived products are available, which may include spores
containing several insecticidal proteins or genetically modified bacteria harboring
engineered pesticidal toxins to enhance efficacy (Sanahuja ¢z al., 2011). Some formulations
incorporate enzymes that potentiate the insecticidal activity of Cry proteins. These products
are applied either as powders or aqueous suspensions sprayed onto plants, allowing insects
to ingest the bacterium or its spores through the consumption of plant tissue (Jurat-Fuentes
et al., 2021; Sanahuja et al., 2011).

Bt Pesticidal Toxins

Bt pesticidal toxins exhibit insecticidal activity against various Lepidoptera that are
major agricultural pests of diverse crops, including: Spodoptera frugiperda (fall armyworm,
affecting maize), Trichoplusia ni (cabbage looper, attacking broccoli and cauliflower),
Manduca sexta (tobacco hornworm, damaging tobacco, tomato, and pepper), Plutella
xylostella (diamondback moth, affecting cabbage, radish, watercress, and cauliflower),
among many others. In addition, there are Cry proteins toxic to Coleoptera (beetles) and
Diptera (mosquitoes), among other insect orders.

In the USA, various Bt subspecies are employed to control different insect classes,
including strains such as kurstaki, aizawai, and galleriae (Lepidoptera), morrisoni biovar
tenebrionis (Coleoptera), and israelensis (Diptera) (Karaborkli et al., 2018).

Furthermore, the use of B¢ can be integrated as a resource within integrated pest
management (IPM) systems, encompassing strategies such as crop rotation, biological
control through natural enemies, the use of plant-derived metabolites, and the
implementation of appropriate agricultural practices to prevent pest outbreaks. All these
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measures aim to minimize reliance on synthetic insecticides, thereby contributing to the
production of safer food for human health (Sanahuja e al., 2011). For these reasons, Bt
continues to be widely used worldwide, not only for agricultural pest control but also
for combating disease-vector insects affecting humans, such as mosquitoes, since certain
strains produce proteins toxic to them.

Growth and Sporulation

Bt undergoes a vegetative developmental stage during which it reproduces by binary
fission. When nutrients become limited, the bacterium initiates a differentiation process
that culminates in sporulation. During this phase, it produces spores and proteinaceous
parasporal crystals composed mainly of Cry proteins and others, whose presence depends
on the strain (Pinos et al., 2021). These crystals can exhibit diverse morphologies, including
bipyramidal, cubic, circular, rhomboidal, and amorphous forms (Prieto et al., 1997; Sauka
& Benintende, 2008; Li ¢ al., 2024). It is important to emphasize that not all Cry proteins
are synthesized during sporulation. For example, Cry3A is produced during the vegetative
phase (Agaisse & Lereclus, 1995).

During the vegetative phase, B¢ undergoes exponential growth in synthetic culture
media containing a carbohydrate source such as glucose, a nitrogen source such as peptone
or soybean extract, and mineral salts including magnesium, zinc, calcium, and manganese,
among others. The optimal pH is approximately 7.0, the optimal growth temperature
is 30 °C, and aerobic conditions are required. Upon nutrient depletion, the molecular
machinery is activated to initiate sporulation —a process extensively studied in B. subtilis
(Agaisse & Lereclus, 1995). Throughout sporulation, the cell generates a sporangium
that divides into two compartments: the mother cell (where parasporal bodies containing
Cry proteins accumulate) and the forespore that ultimately matures into the spore. When
environmental conditions become favorable, the spore germinates, and the growth cycle is
reinitiated (Lereclus, 2000; Cho & Chung, 2020).

Bt and Its Insecticidal Proteins

Several Bt strains have been identified that exhibit toxicity against a wide spectrum
of insects and invertebrates, including both agricultural pests and disease vectors such as
mosquitoes. This lethality is attributable to the production of insecticidal proteins that
form pores in the insect midgut or activate the alternative G-protein mediated apoptotic
signalling pathway ultimately leading to death (Jurat-Fuentes et al., 2021; Best et al., 2023;
Pacheco et al., 2023).

Bt has emerged as the most widely used bacterium worldwide in the control of insect
pests. This success is largely due to the diversity of pesticidal toxins it produces, which display
high specificity, strong efficacy, and reduced environmental impact, as previously noted.
Importantly, these pesticidal toxins are biodegradable through sunlight and environmental
microorganisms, significantly reducing environmental residues (Jurat-Fuentes ez al., 2021;
Li et al., 2024; Soberén & Bravo, 2025).

In addition, Bt synthesizes other bioactive molecules such as cytolytic proteins

(Cyt), vegetative insecticidal proteins (Vip), @- and B-exotoxins, enterotoxins, chitinases,
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bacteriocins, hemolysins, phospholipases, among others. These compounds can be applied
in both pest management and the neutralization of disease vectors, parasites, bacteria, and
fungi (Gillis, 2013; Herndndez, 2016; Syed et al., 2020; Gupta et al., 2021). Therefore, Bt
produces a wide array of molecules that are lethal to insects, and their synergistic activity
enhances its overall efficiency as an insecticide.

Cry Protein Family

The Cry protein family consists of nearly 800 genes, which, based on amino acid sequence
homology, have been classified into 74 families (Cryl-Cry74; Crickmore ¢t al., 2021). Cry
genes are predominantly located on plasmids, although some are also chromosomal.

Wild-type Bt strains exhibit variability in the number of plasmids; for example, the
HD1 strain belonging to the kurstaki subspecies carries 12 plasmids (Faust e al., 1979).
One of these plasmids contains the gene encoding CrylAb, while another encodes four
proteins: CrylAa, CrylAc, Cry2A, and Cry2B. This capacity to produce multiple toxins
accounts for the high efficacy and broad applicability of Bt in commercial formulations
since its discovery.

Mechanism of Action of Cry Proteins

Cry proteins, which are characterized by a three-domain (3d) structural organization,
have been extensively investigated, particularly CrylAb. When Bt is ingested by
susceptible insect larvae, the parasporal crystal inclusions are also consumed. Once
released, these crystals are solubilized in the alkaline environment of the insect midgut
(Hofte & Whiteley, 1989). Subsequently, the solubilized Cry protoxins require proteolytic
activation to exert their function, a process that converts them into active pesticidal
toxins (Hofte & Whiteley, 1989).

Model of Action: Receptor Binding and Pore Formation

Pesticidal toxins possess the ability to bind to specific receptors located in the membrane
of the intestinal epithelium, such as aminopeptidase-N (APN) and alkaline phosphatase
(ALP), both anchored via glycosylphosphatidylinositol (GPI). A significant affinity has
also been reported for cadherins. This interaction promotes the oligomerization of 4 to 8
monomers, facilitating the formation of lytic pores in the membranes of midgut epithelial
cells. The generation of these pores induces an osmotic imbalance that triggers deregulated
ion fluxes, bacterial translocation, septicemia and ultimately leading to cell lysis (Pardo-
Lépez et al., 2013; Gomez et al., 2014; Bravo et al., 2023; Soberén & Bravo, 2025).

Experimental approaches such as ligand blotting, surface plasmon resonance, and
pulldown assays have demonstrated that the C-terminal region of CrylAb binds to APN
and ALP but not to cadherins. This suggests that complementary receptors may interact
with the region cleaved during protoxin activation, a subject of ongoing investigation (Pefia-
Cardena et al., 2018). In addition to the aforementioned receptors, integral membrane
proteins belonging to the ATP-binding cassette (ABC) transporter family have also been
identified as receptors for Cry pesticidal toxins (Sato, 2024).
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Three-Dimensional Structure of Cry Proteins

Cry proteins, with an estimated molecular weight of approximately 130 kDa, are
composed of seven domains. During the activation process, however, the protoxin
undergoes proteolytic processing, as previously described (Hofte & Whiteley, 1989).
In this process, the G-terminal region comprising nearly 500 amino acids —including
domains 4 through 7— is cleaved, resulting in an active pesticidal toxin of approximately
60 kDa that retains only three domains. These domains are responsible for receptor
binding and pore formation. In laboratory practice, proteolytic processing is typically
carried out with trypsin, yielding truncated versions analogous to those isolated from the
midguts of susceptible insects (Soberén et al., 2000; Pefia-Cardena et al., 2018).

Elucidation of the three-dimensional configuration of the active portion of CrylAa and
Cry3A revealed the presence of three structural domains. Consequently, proteins with a
similar architecture are referred to as three-domain (3d) Cry proteins (Li ¢t al., Loseva et
al., 2001; 1991; Grochulski et al., 1995; Pacheco et al., 2023).

Domain I consists of seven a-helices, six amphipathic helices arranged around a
central hydrophobic helix (@5). In contrast, Domain II is composed of two short a-helices
and three antiparallel B-sheets terminating in loop regions. Domain III is organized as a
B-sandwich structure (Li et al., 1991; Grochulski et al., 1995).

Confirmation of the Three-Domain Structure in Cry Proteins

Subsequent investigations have corroborated this three-domain architecture in other
proteins such as Cry3Bbl (Galitsky et al., 2001), Cry4Ba (Boonserm et al., 2005), Cry4Aa
(Boonserm et al., 2006), Cry8Eal (Guo et al., 2009), Cry5B (Hui et al., 2012; Li et al., 2022),
Cry2Aa (Morse et al., 2001), Cry7Cal (Jing et al., 2019), CrylDa (Wang et al., 2019),
and Cryl1Aa and Cryl1B (Tetreau ez al., 2022). Despite sequence diversity, all converge
on the three-domain structure. This suggests a conserved folding pattern that supports
the hypothesis of an analogous mode of action, the ultimate relevance of which lies in
the induction of insect mortality. Achieving a comprehensive understanding of how these
proteins function constitutes a critical step toward the development of strategies for insect
pest management.

Several approaches —including site-directed mutagenesis, crystallographic and
structural analyses, among others— have enabled the proposal of multiple models to
explain the mechanism by which these proteins bind to receptors located in the midgut of
lepidopterans. Among these are the “umbrella,” “buried dragon,” “knife,” and “folding
cane” models, which suggest possible interaction sites with gut receptors, ultimately leading
to insect toxicity. An excellent review of these models can be found in Pacheco et al., 2023.

Strategies for Obtaining Insecticidal Proteins from Bt

Isolation of New Strains

The most widely used methodology for the detection of novel genes with insecticidal
potential relies on the search for Bt strains in a free-living state. For this purpose, samples are
collected from diverse habitats where entomopathogenic bacteria are likely to proliferate.

Sampling sites include soil, foliage, dead insects, water from various sources, and organic
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residues from different ecosystems. These samples are subsequently preserved under
appropriate laboratory conditions until strain isolation, after which they are subjected to
a range of analyses to facilitate identification (Figure 2). These procedures include Gram
staining, a variety of biochemical assays, and microscopy for the detection of parasporal
bodies (Bravo et al., 1998).

With respect to the molecular identification of isolated strains, amplification
is performed using bacterial DNA to target the 16S rRNA gene with universal
oligonucleotides via polymerase chain reaction (PCR). The resulting sequences enable
taxonomic identification at the genus and species levels (Lépez et al., 2003). Given that the
majority of cry genes are typically plasmid-borne, their purification and amplification
with universal oligonucleotides is essential. The obtained sequences are analyzed against
databases such as the National Center for Biotechnology Information (NCBI), as well
as other gene and protein repositories, with the aim of identifying novel genes encoding
pesticidal toxins.

Purification of Cry Proteins

Initially, bacterial cultures are grown in liquid media until sporulation occurs. Cry
proteins are accumulated within the cell and account for approximately 20-30% of the
dry cell mass. In the laboratory, sporulated cultures are harvested by centrifugation to
concentrate the bacterial biomass. The pellets are then subjected to sonication to achieve
cell lysis and protein release. Fractionation of the cell lysate is performed using sucrose
gradients through ultracentrifugation (Soberén et al., 2000). Cry proteins are localized

within one of the gradient phases, allowing their separation from the remaining cellular

components.
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Figure 2. Isolation and identification of bioinsecticidal activity strains. To find new strains, they are isolated
from environments where bacteria is likely to be found, such as water, dry leaves, dead insects and soil. The
samples are then taken to the laboratory to isolate colonies, which are subjected to various tests such as Gram
staining, molecular and microscopic analyses to find bacilli with inclusion bodies, which are then purified and
fed to insects to determine their lethality.
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The degree of purity is typically assessed using electrophoretic methods, which may be
one-dimensional (1D), two-dimensional (2D), or capillary electrophoresis. In most cases,
samples still exhibit contamination with other bacterial proteins, necessitating further
purification using various chromatographic techniques, including aftinity chromatography,
ion-exchange chromatography, or size-exclusion chromatography, among others. These
methodologies enable the isolation of Cry proteins in quantities and purity levels suitable

for subsequent experimental studies.

Detection and Quantification of Cry Proteins

Conventional procedures for protein detection may include immunoassays such as
ELISA and Western blot (Bravo et al., 1998; Soberén et al., 2000), both of which rely on
antigen-antibody interactions. In the case of Cry proteins, certain assays may yield false
positives due to cross-hybridization, an aspect that must be carefully considered. For protein
quantification, spectrophotometric techniques such as the Lowry and Bradford assays can
be employed. However, some limitations arise: spectrophotometric measurements provide
an estimate of the total protein content in a sample rather than quantifying each individual
protein present. Accurate determination of the specific Cry proteins within a sample
requires highly efficient methodologies capable of precise estimation of each protein.
This need has led to the development of reproducible and robust proteomic methods —
such as liquid chromatography coupled with mass spectrometry— that allow the relative
quantification of each protein in a given sample (Caballero et al., 2020).

Genomics

The advent of next-generation sequencing (NGS) technologies has enabled
rapid determination of complete genomic nucleotide arrangements. At present, this
procedure is relatively straightforward and cost-effective, allowing accurate elucidation
of the nucleotide sequences of genes of interest, whether located on plasmids or
chromosomes. This, in turn, facilitates the comprehensive characterization of strains
with biotechnological potential (Yamamoto, 2022). Availability of such sequences also
allows for the detection of variants and comparative analyses across gene databases. The
identification of nucleotide sequences of novel cry genes constitutes essential information
used In genetic engineering tools to clone genes into heterologous systems —whether
bacteria or plants— with the purpose of enhancing production or synthesizing proteins
in more controlled systems (Baum ez al., 1999).

Mutagenesis and Protein Engineering

Several tools enable the generation of site-specific mutants for the study of Cry
proteins, with site-directed mutagenesis being among the most widely used. Once the DNA
sequences are identified, they can be altered through specific mutations incorporated
during oligonucleotide design to achieve the desired modification. The oligonucleotides are
annealed to the bacterial template DNA and amplified via PCR. The amplified product
is then sequenced to confirm the mutation, followed by cloning into expression vectors
(Yamamoto, 2022).



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/px8wvi39 31

Another approach 1s DNA shuffling, a technique used to restructure and recombine
cry genes in order to generate multiple point mutants. This allows researchers to study
the effects of discrete amino acid changes. In this method, a gene of interest is amplified
and subsequently fragmented using DNase I, generating random fragments that are
recombined and re-amplified. Sequences with point mutations differing from the original
gene are then selected for cloning (Yamamoto, 2022).

These tools enable modifications such as single amino acid substitutions, facilitating
the study of structural changes that affect protein function and the creation of optimized
variants to enhance insecticidal efficacy. They have also allowed the generation of diverse
mutants that clarify which amino acids are critical for efficient toxin-receptor interactions.
Additionally, chimeric proteins —created by exchanging entire domains between different
Cry proteins— have been employed to elucidate the roles of specific domains in the mode
of action.

In parallel, with experimental approaches, in silico methods such as structural modelling
molecular docking, abd computational mutagenesis have been employed to engineer Cry

proteins and accelerating the developments of optimized variants.

Bioassays

When a strain with insecticidal potential is identified, one of the most critical evaluations
for establishing its biocidal activity is performing bioassays to assess efficacy. This involves
maintaining insect colonies under controlled conditions (temperature, humidity, and
light) with a diet tailored to the developmental stage of the insects. Rearing insects in the
laboratory is labor-intensive and costly but is indispensable for obtaining reliable results
regarding protein toxicity. Bioassays allow the direct administration of bacteria or purified
proteins for testing in live insects (Soberon et al., 2000; Yamamoto, 2022).

Additionally, maintaining insect colonies facilitates the collection of midgut vesicles,
which are essential for in vitro experiments that indirectly evaluate pore formation induced
by Cry proteins, linking this activity to the observed insecticidal toxicity.

Transgenic Plants with cry Genes

Since the creation of the first transgenic plants in 1983 using Agrobacterium
tumefaciens, genetic modification of agronomically important plant species has become
feasible. This modification involves transferring genes from other species to confer
novel traits that provide advantages over their wild-type counterparts (Herrera-Estrella
et al., 1983; Sanahuja et al., 2011). In addition to this methodology, biolistics (gene gun
technology) was developed, enabling the introduction of genes into plants and is widely
used today. Using biolistics, the first genetically modified maize lines were created by
incorporating the CrylAB gene, which is lethal to lepidopterans. This allowed the
generation of plants capable of producing their own insecticidal proteins, referred to
as Bt maize.

This innovation represented a significant step toward the gradual replacement of
conventional synthetic pesticides. In 1998, Monsanto introduced the first transgenic maize

to the market. These plants constitutively express the Bi-encoded CrylAb protein, which
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is lethal to susceptible lepidopterans that consume plant tissues, thereby enhancing plant
protection and growth.

Molecular detection of cry gene expression in plants is typically performed using
quantitative reverse transcription PCR (RT-qPCR) to expedite assay processing. This
technique also allows relative quantification of cry gene expression and is more efficient
than endpoint PCR, which requires longer processing times.

Transgenic plants incorporating Bt genes are collectively referred to as Bt plants.
Currently, several transgenic B¢ species exist, including maize, cotton, soybean, canola,
tomato, potato, and rice, among others (Sanahuja et al., 2011). These plants been widely
adopted in several agricultural systems worldwide; more than 50% of the global cultivated
area of genetically modified organisms (GMOs) consists of crops expressing cry genes. The
implementation of this technology has been associated with reduced reliance on chemical
insecticides and agronomic benefits in many production contexts; however, the magnitude
of these effects depends on crop species, regional management practices, and regulatory

and ecological considerations.

Resistance and Defense Strategies of Pests against Cry Proteins

The progressive resistance of insects to Cry proteins mirrors that observed with synthetic
insecticides. Continuous exposure to these toxins exerts selective pressure, promoting the
emergence of resistant individuals. Understanding the mechanisms involved is essential to
develop strategies that delay resistance and enable the design of more effective pesticidal
proteins (Fabrick & Wu, 2023).

Key mechanisms by which insects acquire resistance include:

1. Weak toxin-receptor interactions: Site-directed mutagenesis studies on cry genes
have demonstrated the critical role of amino acids in receptor binding and pore
formation (Pacheco et al., 2023). Amino acid substitutions in the laboratory provide
insights into processes leading to insect mortality. Mutations can also occur in genes
encoding the receptors themselves, which may disrupt toxin-receptor interactions
and hinder toxin action.

2. Insufficient solubilization and poor protoxin digestion: Altered expression
or reduced activity of midgut proteases can impair protoxin activation, preventing
optimal function. Disruptions in the alkaline conditions of the insect midgut can also
reduce solubility, limiting pesticidal activity (Pinos et al., 2021).

3. Sequestration or immobilization of activated toxins: Upon reaching midgut
cells, toxins may be sequestered. Molecules such as esterases and glycolipids have
been documented to perform this role (Gunning et al., 2005; Pinos et al., 2021).
This process may function as a detoxification mechanism, reducing effective toxin-
receptor interactions.

4. Alteration of membrane components: At sublethal toxin concentrations, pore
formation may occur but without causing severe damage, allowing membrane
repair. Endocytic processes, in which the membrane invaginates to form vesicles

that are degraded or recycled, facilitate repair (Cytrynska et al., 2016). These
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membrane repair mechanisms enhance insect survival and may have evolved
over time.

5. Cumulative selective pressure: Continuous exposure to a specific pesticidal
toxin exerts persistent selection on a population, ultimately promoting resistance
development. Resistant insects emerge, complicating pest management and
eradication in agricultural areas (Sanahuja e al., 2011).

The simultaneous occurrence of several of these mechanisms in a single insect can
generate super-resistant pests, adding an additional layer of complexity to pest control (Wu
et al., 2014; Tabashnik e al., 2021; Fabrick & Wu, 2023).

The resistance mechanisms described above are the focus of study in numerous
laboratories worldwide, driven by the search for strategies to prevent the emergence of
resistant insects. This research enables the optimization of pesticidal toxins to enhance
their affinity and specificity, thereby helping to slow the progression of resistance (Fabrick
& Wu, 2023).

It is also important to highlight that alternative strategies are being investigated to
counteract insect resistance. For example, synergistic combinations of different Cry toxins,
or of Cry toxins with other bioactive molecules, are being explored to increase efficacy.
However, as noted previously, certain Cry protein receptors —such as APN, ALP, cadherin,
and ABC transporters— exhibit variations in their interactions depending on the specific
Cry protein studied. Molecular-level investigations are providing insights into how these
interactions occur (Pacheco et al, 2023; Bravo & Soberén, 2025).

The accumulation of experimental evidence has revealed the complexity of toxin-
receptor binding, which is highly specific and dependent on the particular protein
involved. Moreover, although numerous potential receptors have been identified, not
all interactions result in insect mortality. This underscores the challenges in analyzing
resistance mechanisms and designing effective countermeasures, as the full process is not

yet completely understood (Sato, 2024).

CONCLUSION

Cry proteins produced by Bt were initially identified as insecticidal molecules. Thisled to
their structural and functional characterization, which resulted in advances understanding
their mechanism of action at a molecular level, as well as revealing the range of their
diversity and laying the foundations for their application as biological insecticides.

Through the study of Cry protein diversity and using iz vivo and in silico experimental
strategies, the efforts to improve the insecticidal efficacy of these proteins continue, while
also considering the management of insect resistance.

An important applied aspect of Cry proteins has been the generation of transgenic
crops to combat specific pests in certain agricultural regions of the planet, where their
role as a component of modern agricultural systems is important, particularly outside the
centers of origin and diversification of cultivated plants.

Finally, the activity of B¢ toxins against insects that are vectors of human diseases

highlights the relevance of research beyond agricultural applications.
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ABSTRACT

Objective: To determine the physicochemical characteristics of bullfrog (Lithobates catesbeianus) meat.
Design/methodology/approach: Fifteen samples of bullfrog legs and fifteen samples of chicken meat were
used. Subsequently, 50% of the meat was cooked in a water bath.

Results: Bullfrog meat had less protein and more fat (P<0.05) than chicken meat. The percentage of moisture
and collagen was higher in bullfrog meat (P<0.05). The L*, a*, and b* values showed significant differences,
with greater luminosity in cooked bullfrog meat, while a* showed a variation of 2.36 units in raw vs. cooked
meat. b* was higher in cooked meat (P<0.05) compared to raw meat. The parameters water activity, water-
holding capacity, and pH showed significant differences (P<0.05) between the two treatments analyzed.
Limitations/Implications of the study: The number of bullfrog samples was limited due to their cost and
producers’ distrust of institutional and governmental organizations.

Findings and Conclusion: Bullfrog meat is lean. The meat presented water activity values below the
established limit for meat. This species is a viable alternative in the food sector.

Keywords: Meat, Bullfrog, raw meat, cooked meat, evaluation, physicochemical.

INTRODUCTION

The introduction of species outside their natural habitat occurs intentionally or
accidentally as a result of human activities. This process generates adaptation mechanisms
that allow species to survive in new environments. The absence of natural predators favors
rapid population growth. This population increase facilitates the establishment of these
species as pests and causes negative ecological effects (Casas et al., 2001). In this context,
the American bullfrog (Lithobates catesbeianus) is among the main drivers of the decline in
amphibian populations worldwide (Laufer e al., 2008).
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Consuming frog meat is an age-old practice. In ancient Greece, frog meat was
considered a delicacy. In Asian countries such as China, consumption of frog meat dates
back more than 4,000 years. Currently, this meat remains widely recognized as a regional
food. Rana catesbeiana is a species native to North America. Intensive frog farming began
in the United States around 1915. Subsequently, during the 19t century, countries such
as Mexico, Canada, Japan, and Brazil incorporated their production and consumption.
Since then, frog meat has been introduced as an alternative food in industrialized Western
countries and in various Latin American nations, such as Chile, Venezuela, and Argentina
(Aragoén, 2010). In Mexico, frog farming has gained importance in recent years. This
activity responds to growing domestic demand and the export of specimens for research,
teaching, and food. National production is concentrated mainly on the domestic market.
Tourist areas account for the largest share of production (Ojeda, 2020). Likewise, population
growth increases demand for food for human consumption. In this context, frog farming
represents an activity with high productivity and economic potential. This potential is
especially evident in the species Lithobates catesbeianus (Méndez, 2014).

Limited statistical data is available on bullfrog production and consumption. In 1980,
aquaculture supplied approximately 3% of the global bullfrog market. By 2002, this
proportion had increased to nearly 15%. Taiwan, Mexico, and Brazil led global production
of this species during that period (Islas et al., 2020; Islas ez al., 2021). In Mexico, the main
bullfrog-producing states are the State of Mexico, Sinaloa, Nayarit, and Jalisco. Production
in Jalisco reached approximately 20 tons in 2015. In 2016, production increased by 3.5
tons. In 2017, total production reached 26 tons. Bullfrogs have been successfully introduced
to at least 16 states in the country. The State of Mexico stands out among the regions
with a significant presence of this species. Official records indicate a sustained increase:
national production rose from 5 tons in 2009 to 71 tons in 2014. This change represented
a total increase of 66 tons over five years. The region’s climate favors the development
of the American bullfrog. The geographic location of the State of Mexico contributes to
the establishment of the species. Physical and biological heterogeneity characterizes this
region due to the diversity of physiographic, geographic, and hydrological regions, which
increases the area’s biotic richness (Aguilar et al., 2009).

In the State of Mexico, the American bullfrog has gradually become established in various
municipalities. Records indicate the species’ presence in 39 municipalities. These include
Almoloya de Judrez and Almoloya del Rio. It is also found in Amatepec and Capulhuac,
specifically in the town of San Miguel Almaya. Additionally, the species is present in
Chicoloapan, in the town of San Vicente Chicoloapan, and in Chimalhuacan, Coatepec
de Harinas, Ecatzingo, and Huchuetoca, in the town of Jorobas. The distribution includes
Ixtapaluca, Ixtapan de la Sal and Jilotepec, Lerma, Malinalco, Metepec, Naucalpan,
Nepantla, Ocoyoacac, Otzolotepec, San Antonio La Isla, San Mateo Atenco, San Simén
de Guerrero, Santa Marfa Raydén, Santo Tomads de los Platanos, Sultepec, Tejupilco,
Temascaltepec, Tenancingo, Tenango, Tepetlixpa, Tepotzotlan, Texcoco, Tlatlaya, Toluca,
Valle de Bravo, Villa Victoria and Zumpahuacan (Casas et al., 2001).

The American bullfrog adapts to temperate and warm zones with suitable aquatic

systems. The species can thrive at altitudes up to 2,600 meters above sea level. Some
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reports indicate the species’ ability to adapt to colder climates. In the Lerma region and
along its river, a government-run breeding facility was established during the 1960s. The
facility was located in the community of San Pedro Tlaltizapan, in the municipality of
Tianguistenco. At this site, the American bullfrog exhibited a period of hibernation during
the winter. This behavior was associated with the organism’s poikilothermic nature.
Generally speaking, the species thrives across a wide altitudinal range. Development
occurs when water is available. It also requires adequate relative humidity. The species
develops at ambient temperatures between 20 and 30 °C (Méndez Béjar, 2014). However,
aquaculture activities in the region have declined. This decrease was due to the need to
allocate the drinking water resource to supply other areas surrounding the Toluca Valley
(Pillado and Viesca, 2013).

The culinary tradition of frog meat consumption has declined in recent years.
Overexploitation of these species has contributed to this reduction. This process has led
to frog meat currently being considered a high-value commercial product. In this context,
frog farming presents significant production potential. This activity generates various
byproducts for human consumption. The meat and its derivatives are the main products
of interest. Frog legs represent the product with the highest export volume. Restaurants
and supermarkets require this product to prepare gourmet dishes (Rodriguez, 2014;
Vargas, 2015). The skin is another relevant byproduct; this material is mainly used in
the manufacture of leather goods, such as wallets and belts. The byproduct represents
approximately 11% of the animal’s total weight. After harvesting, the skin must undergo
sterilization before distribution. Other byproducts of interest include the viscera and liver.
The viscera are used in the production of suture thread. The liver is used in the production
of paté. Additionally, the frog’s body is used in cosmetic applications, such as the production
of moisturizing creams (Rodriguez, 2014; Vargas, 2015).

The objective of this study was to perform a physicochemical evaluation of bullfrog
meat. The meat of this species appears to have a high protein, mineral, and essential amino
acid content for human consumption. It also contains mineral salts and is low in fat. The
net meat yield represents approximately 60% of the animal’s live weight. Frog legs constitute
between 33% and 35% of the live weight (Vasconez and Rodriguez, 2003). However, the
available scientific literature on the quality of bullfrog meat and the benefits associated

with its consumption is limited.

MATERIALS AND METHODS

Meat quality is defined by its physicochemical characteristics. These characteristics
include organoleptic and instrumental properties. Organoleptic properties include
tenderness, juiciness, color, and flavor, among others (Guerrero, 2002). For the
physicochemical analysis, the study used 15 bullfrog leg samples and 15 chicken meat
samples, the latter serving as a positive control. The procedure involved defleshing the
samples beforehand, followed by cooking 50% of the meat in a water bath at 60 °C for
20 minutes. Proximate chemical analysis was performed using a FoodScan™ Lab meat
analyzer (Figure 1). Once the equipment was calibrated, the analysis was performed on

180 g samples placed in sample holders. The procedure avoided the formation of air
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Take the resulting bullfrog meat and
Bulifrog (Lithobates cook 30% of itin a water bath for 20
catesbeianus) minutes at 60 °C

Fifteen bullfrog (Lithobates
catesbeianus) leg samples
were obtzined in San Pedro
Tialtizapan, State of Mexico

L,

Calibrate the FoodScan™-Lab meat
analyzer and place 180 g of
sample in each sample holder

Carry out 3 readings per sample , placing
the sample in different positions to
obtain more accurate values of protein,
fat, moisture. and collagen.

L

Apply this method only to raw frog
meat. For comparison, repeat the exact
same procedure with raw chicken meat

To previously debone all 15
bullfrog leg samples

Figure 1. Procedure for the Proximate Analysis and Comparison of Raw Meat Using the FoodScan™-Lab
Analyzer.

pockets and bubbles in the meat, thereby preventing alterations in the sample readings. The
analysis included three readings per sample, taken at different positions. This procedure
allowed for greater precision in determining the percentages of protein, fat, moisture, and
collagen. The method was applied exclusively to raw meat. The study was compared to a
positive control. The analysis used the same procedure for both treatments.

pH analysis was performed using potentiometry. The study employed a Beckman pH ®
50 potentiometer (Palo Alto, California, USA). Color determination was performed using a
Minolta portable colorimeter (Chroma Meter CR-400, Tokyo, Japan). The procedure used
black-and-white standards for calibration. The analysis evaluated the color coordinates
L*, a* and b* The meat was placed in the instrument’s sample holder (Figure 2). The
procedure involved rotating the sample 90°, allowing for four readings per repetition. Water
activity (Aw) was determined using an Aqualab psychrometric instrument (Decagon CX-1,
Washington, USA). The instrument exhibited a sensitivity of 0.001. Aw was expressed as
a,,=P|P,. In this equation, Prepresents the vapor pressure of the solution and P, the vapor
pressure of the solvent, corresponding to pure water.

Finally, the study determined the meat’s water-holding capacity (WHQ). The procedure
used 10 g samples. The analysis involved placing the samples in duplicate into centrifuge
tubes. During the procedure, 16 mL of a 0.6 M NaCl solution was added to each tube. The
samples were then incubated for 30 min in an ice bath. Subsequently, the samples were
centrifuged at 5,000 rpm for 30 min. The study reported water-holding capacity as the
milliliters of water retained per gram of meat (Figure 3).

RESULTS AND DISCUSSION
The chemical composition of bullfrog and chicken meat is shown in Table 1. The
analysis identified differences between both treatments (P<0.05).
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Raw bullfrog (Lithobates
catesbeianus) meat

Cooked bullfrog (Lithobates
catesbeianus) meat

Beckman pH @ 50 (Palo Alto, %1,
California, EUA) )

The objective is to measure the pH To determine the color of the sample, the Minoita Water activity (aw) is determined

of the meat using the Beckman pH Chroma Meter CR-400 colorimeter is used. The L* using the Aqualab psychrometric
© 50 pH meter to determine its {lightness), a* (red/green), and b* (vellow/blue) instrument (Decagon CX-1)
acidity/alkalinity, which is key for coordinates are evaluated, taking 4 readings per (sensitivity of 0.001). Controlling aw
the product’s texture and replicate and rotating the sample 90" between is crucial for the product’s stability,
preservation. them to cover the entire surface. safety, and shelf life.

Figure 2. Determination of pH, color, and water activity in raw and cooked bullfrog (Lithobates catesbeianus)
meat samples.

This procedure is carried out with raw and cooked
bullfrog (Lithobates catesbeianus) meat

Add 16 mL of a 0.6 M NaCl Centrifuge the tubes at 5000 rpm
solution 10 each tube for 30 minutes. Determine the
water-holding capacity, reporting
the result as mL of water
. retained per gram of meat.
Place the sample in Let the samples rest for 30
centrifuge tubes, preparing minutes in an ice bath
each sample in duplicate

Figure 3. Analysis of water-holding capacity (WHC) by centrifugation method.

Table 1. Chemical composition of bullfrog meat (mean * SD).

Bullfrog 16.84 + 0.34" 0.71 £ 0.02 81.39 + 0.28" 1.03 £ 0.10*
Chiken 23.62 = 0.03% 1.59 = 0.017 73.41 = 0.06” 0.75 = 0.24"

b Different letters in the same column indicate significant differences (p<0.05).
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The protein content differed between bullfrog meat and chicken meat. Chicken meat
showed a higher protein content than bullfrog meat. The values were 23.62% for chicken
meat and 16.84% for bullfrog meat. This difference represented an approximate variation
of 6.0 units. A study by Zhu et al. (2021) evaluated the nutritional composition of bullfrog
meat in different parts of the animal. The authors reported protein values similar to those
observed in the present study. The protein contents were 15.32+1.08% in the foreleg,
21.17x1.72%1in the thigh, and 17.66£0.98% in the calf. The same study analyzed the amino
acid content in different parts of the meat. The results identified glutamic acid, aspartic
acid, and lysine as the most abundant amino acids. These results are consistent with those
reported by Ozden and Erkan (2011), who indicate that these amino acids predominate
in aquatic organisms. The analysis also identified alanine, valine, glycine, arginine, and
methionine in smaller proportions. Coura et al. (2016) evaluated the protein content of raw
frog meat. They reported a value of 17.09%, which was lower than that observed in other
species analyzed in the same study. Raw beef accounted for 21.09%. Indriana ez al. (2023)
described frogs and salamanders as the most common edible amphibians. They noted that
frog legs are considered a culinary delicacy in Europe, the United States, Asia, Australia,
and Africa. These authors also indicated that frog meat is consumed as an alternative
to chicken. The flavor of frog meat was similar to that of poultry. Fat content showed
statistically significant differences between the samples (p<0.05). Chicken meat had a
higher fat content than bullfrog meat. Fat values were 1.59% in chicken meat and 0.71% in
frog meat. Statistical analysis confirmed significant differences between the two treatments
(p<0.05). Moisture content showed an opposite trend. Bullfrog meat had a higher moisture
content than chicken meat. This difference represented an increase of 7.98 units (p<0.05).
Collagen content showed a similar trend to that observed in moisture. Bullfrog meat had
a higher collagen content than chicken meat (p<0.05). Quinto Mina (2021) indicated that
frog meat has low levels of fat and carbohydrates. This nutritional profile is associated with
higher protein and water content. These characteristics contribute to greater juiciness and
lower acidity. These properties differentiate frog meat from that of other species, such as
chicken, pork, and beef.

The results of the bullfrog meat color parameters are shown in Table 2. Statistical
analysis identified significant differences between treatments (p<0.05). Meat color plays
an important role in product quality. Color also influences consumer acceptance. This
study evaluated bullfrog meat color using the parameters L* (lightness), a* (+red/—green),
and b* (+yellow/—blue) in both raw and cooked meat. The L* parameter was higher in
cooked meat than in raw meat (p<0.05). The L* value increased by 9.38 units after
cooking. The a* parameter was lower in cooked meat than in raw meat (p<0.05). The
difference between the two treatments was 2.36 units. The b* parameter showed a
significant increase in cooked meat (p<0.05). The b* value was higher in cooked meat
(14.15) than in raw meat (8.38).

Meat color results depend on the slaughter method used for bullfrogs. Ramos et al.
(2005) evaluated meat color and muscle pigment levels in frogs subjected to electrical or
thermal stunning, with and without exsanguination. The study reported lower myoglobin

content in the muscles of electrically stunned frogs. This myoglobin content was similar to
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that observed in birds’ white muscle. The analysis identified a correlation between muscle
pigments and color parameters. Oxymyoglobin, reduced myoglobin, and metmyoglobin
contents correlated with lightness (L¥), redness (a*), and yellowness (b*). These results are
consistent with those reported by Cori et al. (2014), who indicated that meat lightness
depends primarily on the availability of hemoglobin and myoglobin. Additionally, Ramos
et al. (2005) reported a lower content of muscle hemoglobin in the meat of frogs subjected
to bleeding. This content was significantly lower than that observed in non-bleeding frogs
(p<0.05).

A study by Padilla ez al. (2022) evaluated the color parameters of raw frog legs from
Jalisco and Morelos. The study reported L* values between 68 and 71, a* values between
—0.80 and 0.90, and b* values between 8.00 and 9.40. All parameters showed statistically
significant differences (p<0.05). These results indicated greater luminosity than that
obtained for the raw meat analyzed. The production and consumption of bullfrog
meat have increased steadily in recent years. However, the available information on its
physicochemical properties remains limited. The composition of the meat is a relevant
physicochemical property. Water loss during cooking is another important physicochemical
property. These factors determine the intrinsic quality attributes and functional properties
of the meat (Ssepuuya et al., 2019).

Table 2 presents the results of pH, Aw, and WHC measured in bullfrog meat, both
raw and cooked. The pH value was lower in raw meat than in cooked meat (p<0.03). The
cooking process increased the pH by 0.14 units.

These results are consistent with those reported in the scientific literature. Several studies
indicate that the pH values of meat increase during cooking; this increase is associated with
the breaking of bonds involving imidazole, sulthydryl, and hydroxyl groups. Other studies
demonstrate that cooking processes at temperatures above 80 °C favor the formation of
free hydrogen sulfide (Vasanthi et al., 2007; Oz et al., 2016).

Aw exhibited a similar behavior to that observed for pH. The Aw value was higher in
cooked meat than in raw meat (p<0.05). The difference between the two treatments was
0.027 units. Increasing cooking temperature increases the energy of free water, thereby
favoring an increase in water activity in food. Mendoza (2014) indicated that the Aw
value in chicken meat should not fall outside the range of 0.98 to 0.99. The scientific
literature establishes that Aw values in food range from 0.0 to 1.0. The values obtained
in this study were 0.93 and 0.95. These values correspond to the ranges reported for

meat products and for foods with high water availability, such as fresh meats, cured

Table 2. Analysis of color, pH and water functionality in bullfrog meat (mean£SD).

Type of meat L* a* b*
Cooked frog 75.97%2.93% 2.41+0.46" 14.15=1.06"
Raw frog 66.14£2.29 4.77+1.03° 8.38+1.69"
Type of meat pH Water activity water-holding capacity
Cooked frog 7.14%0.05% 0.957x0.007* 14.97+0.04
Raw frog 7.00£0.15" 0.930%0.008" 15.87%0.69"

b Different letters in the same column indicate significant differences (p<0.05).
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meats, fresh fish, fermented sausages, soft cheeses, evaporated milk, fruits in syrup, and
some vegetables. Foods with high Aw values are more likely to undergo microbiological
spoilage. Consequently, the application of preservation technologies is necessary to
control decomposition processes. These technologies help extend the product’s shelf life
(Inungaray and Reyes, 2013).

WHC showed significant differences between raw and cooked meat (p<0.05). Cooked
meat exhibited a lower water-holding capacity than raw meat. The WHC value decreased
from 15.87 to 14.97 units after cooking. This decrease represented a 0.9-unit reduction.
Rengifo (2010) evaluated the water-holding capacity of chicken meat, reporting a value
of 22.5% in fresh meat and 6.62% in cooked meat. Leodn ez al. (2017) analyzed the water-
holding capacity of chicken meat and reported a value of 17.603%2.587%. These studies
indicate that pH influences WHC, increasing as pH moves away from the proteins’
isoelectric point.

The WHC of frog meat showed statistically significant differences compared to chicken
meat. This difference was observed in both raw and cooked frog meat. However, the
available scientific evidence on the physicochemical analysis of frog meat is limited. For
this reason, the study used chicken meat as a reference. Both species share similarities in
their organoleptic characteristics, including taste, color, and aroma. Nébrega et al. (2007)
analyzed the volatile compounds present in pressure-cooked bullfrog legs. The study used
steam distillation and simultaneous solvent extraction. The authors identified compounds
with high odorant activity, including (E,E)-2,4-decadienal, (E,Z)-2,4-decadienal, (E,Z)-2,6-
nonadienal, 1-octanol, and (E)-2-nonenal. These compounds are commonly associated
with the characteristic aroma of chicken, which explains the sensory similarity between
bullfrog and chicken meat.

CONCLUSION

This study revealed differences in the nutritional quality of bullfrog meat compared
to chicken meat. However, the scientific literature reports similarities in the organoleptic
characteristics of the two species, including flavor, color, and aroma. Bullfrog meat is
considered lean due to its low-fat content. This characteristic suggests that this species is
more commonly associated with aquatic organisms than with terrestrial ones. Furthermore,
bullfrog meat presented water activity values below the established limit for meat. However,
these values approached 1.0, increasing the risk of microbiological spoilage. In this context,
the application of preservation methods is necessary to guarantee product stability. Brine
is a viable alternative, as it reduces the meat’s water activity and limits the growth of
microorganisms responsible for spoilage. The available scientific information on bullfrog
meat in the State of Mexico is limited. This lack of evidence restricts a comprehensive
evaluation of its quality and the benefits associated with its consumption. Therefore,
this study provides relevant information from a general perspective and contributes to
the physicochemical knowledge of bullfrog meat. The results obtained highlight the need
to continue research into the nutritional, functional, and technological properties of this
species to further strengthen its use as a viable alternative in the food sector.
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ABSTRACT

Objective: To evaluate the effect of planting arrangements and different fertilization treatments on biomass
production and composition of maralfalfa grass (Pennisetum spp.) grown under subhumid conditions in
Veracruz, Mexico.

Design/Methodology/Approach: A randomized complete block design with split plots was used. Planting
density (40, 60, and 80 cm) was the main factor. Three biol formulas and two doses of urea fertilization (50 and
100 kg ha_l) were the secondary factor. The following variables were measured: plant height, biomass yield,
and leaf and stem weight. Data were analyzed through an ANOVA and Tukey’s test (¢=0.05).

Results: The 40-cm planting arrangement and Biol 1 (manure+water) treatment combination reached the
highest biomass yield (123.11 tha™ 1) and plant height (2.44 m). Denser planting improved biomass production,
while chemical fertilization increased leaf ratio. The interaction between planting arrangement and fertilization
only had a significant impact on stem weight.

Study Limitations/Implications: The study was conducted under specific climatic conditions, which limited
the generalizability of the results. Further research is recommended to assess long-term economic viability and
sustainability.

Findings/Conclusions: High planting density combined with organic fertilization optimizes biomass yield
and the efficient use of resources. Biols are a sustainable alternative that enhances forage productivity and soil
health.

Keywords: Maralfalfa grass, organic fertilization, planting density, biomass, sustainable agriculture.
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INTRODUCTION

The growing demand for high quality forages in intensive livestock systems has
driven the search for sustainable alternatives to optimize biomass production, without
compromising soil or environmental health (Karasawa et al., 2023). Maralfalfa grass
(Pennisetum spp.) 1s one of the most promising foraging species, given its fast growth,
high biomass yield, and nutritional value (Fuller ¢t al., 2021; Condori ¢t al., 2018).
Consequently, maralfalfa could become a strategic resource to improve livestock
productivity in tropical and subtropical regions. In addition, the climate in these regions
favors its development (Kebede et al., 2023).

Biomass production and composition of tropical grasses are directly influenced
by several factors, including planting density and fertilization type (Syam et al.,
2021; Ledea-Rodriguez et al., 2023). Planting density impacts the competition for
light, water, and nutrients, modifying the growth and morphology of crops (Tilus
et al., 2022). In addition, fertilization plays a key role, supplying essential nutrients
for plant development. Although chemical fertilizers are widely applied, due to their
fast availability, their excessive use have negatively impacted soil health and water
quality (Pereira et al., 2022; Bacarrillo-Lépez et al., 2021). Consequently, sustainable
alternatives, such as liquid biofertilizers (biols), have been developed. Organic waste
is fermented to prepare biols (Jara-Samaniego ¢ al., 2021). These products not only
gradually provide nutrients, but also improve the physical, chemical, and biological
structure of soils (Mupambwa and Mnkeni, 2018). Recent studies have proven that
biols significantly increase forage production and the resistance of agricultural
systems to climate change (Moreno-Sandoval et al., 2022). Biol application promotes
sustainability in production systems, reducing their dependency on chemical fertilizers
and favoring beneficial biological processes in soils (Mupambwa and Mnkeni, 2018).
The appropriate planting density combined with organic fertilization can enhance the
efficient use of resources, sustainably increasing biomass yield (Gaudio et al., 2019;
Wang et al., 2023). Meanwhile, other studies about foraging systems have shown the
positive effects of planting geometry (Umesh et al., 2022) and spacing between the
plants on key morphological variables (Wang et al., 2025). For their part, Oliveira et
al. (2025) reported that nitrogen biological fixation significantly contributed to the
biomass production of elephant grass grown in low-fertility soils, without synthetic
nitrogen fertilizers. Nevertheless, information about the interaction between topological
planting arrangements and biols in Pennisetum spp. crops is very limited, particularly
in the case of maralfala grown under subhumid conditions. This lack of information
provides an opportunity to further research these factors. Understanding the impact of
these agronomic elements on the yield and morphological composition of the biomass
is fundamental to design more efficient and sustainable strategies, aimed to improve
forage productivity in tropical systems (Fang ¢t al., 2021). Therefore, the objective of
this study was to evaluate the effect of different topological planting arrangements and
fertilization treatments, as well as their interaction, on the production and composition
of maralfalfa (Pennisetum spp.) biomass grown under subhumid conditions, in the state

of Veracruz, Mexico.
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MATERIALS AND METHODS
Location

This study was conducted at the Instituto Tecnolégico Superior de Juan Rodriguez
Clara (ITSJRC), located in the municipality of Juan Rodriguez Clara, Veracruz, Mexico,
at 133 m.a.s.l. INEGI, 2010). Based on the Mexican version of the Képpen system, this
region is classified as AW, —i.e., a subhumid warm climate. It has a 1,100 mm mean
annual precipitation and a 24.5 °C mean annual temperature (Garcia, 2004). The region
mainly has a dystric cambisol soil, with a strongly acid pH. This condition directly impacts
the development of foraging crops (Morales Rivera et al., 2015; Tosquy-Valle et al., 2020).

Establishment of the crop

The evaluation was conducted in a 525 m” arca. The crops were established on July 5,
2023. The plant material chosen for the experiment was maralfalfa grass (Pennisetum spp.).
Land preparation included a double harrowing and 80 cm separation between furrows.
The grass was sown by hand during the early spring-summer season, following the method
for tropical forages suggested by Cerdas-Ramirez et al. (2021). A randomized complete
block design with an arrangement of split plots was used. The main factor was topological
planting arrangement (PTA) with a 40, 60, and 80 cm distance between furrows. The
secondary factor was the nitrogen fertilization systems (NI'S) with three biol formulas
and two doses of urea chemical fertilization (50 and 100 kg N ha_l) (Cerdas-Ramirez
et al., 2021). Three repetitions per treatment were established. In order to minimize
environmental variability, each block was randomized, guaranteeing the accuracy and
reliability of the results (Villanueva-Avalos et al., 2022).

Preparation of the biols
Biols were prepared through the anaerobic fermentation of organic wastes. This
technique improves nutrient availability and promotes plant growth (Cabos et al., 2019;

Jara-Samaniego et al., 2021). Table 1 shows the three formulated types of biols.

Measurement of morphological and physiological variables
Following the research protocols established by Botero-Londofio et al. (2021) and
Mengistu et al. (2023), the morphological and physiological variables were evaluated to

Table 1. Composition and characteristics of the fertilization systems applied in the experiment.

Treatment Main Composition Objective
BIOL 1 Bovine manure + water Provide a balanced supply of N, P, and K (anaerobic fermentation).
BIOL 2 Bovine manure + whey + molasses + yeast Increase microbial activity and micronutrient availability

Whey + molasses + mountain microorganisms +

BIOL 3 minerals (Ca, Mg, Zn) Optimize nutrient absorption with a comprehensive profile
Chemical Fertilization Treatments

CF1 Urea (50 kg N ha™ 1) Compare efficiency with biols (low nitrogen dose)

CF2 Urea (100 kg N ha™ ]) Compare efficiency with biols (high nitrogen dose)

* BIOL=biol; CIF (FFQ)=chemical fertilization, N=nitrogen.
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quantify maralfalfa grass yield. A Just Home MKZ-BAS-ACS209 digital scale was used to
estimate weight.

Total biomass yield (TBY)
Three lineal meters of useful plots were harvested and weighted. Subsequently, leaves
and stems were manually divided according to their morphology. Green leaf weight (GLW)

was evaluated to determine the biomass of photosynthetic tissue.

Stem weight (SW)

Stems were weighted to determine structural biomass.

Plant height (PH)
Plant height was measured from the base of the stem to the flag leaf, using a 5-m

aluminum topographic sight (Nedo).

GLW
Leaf percentage (LP) LP(%)= (ﬁ) X100

S
Stem percentage (SP) SP(%)= (%) X100

Climatic variables

In order to evaluate the direct effect of weather on crop development, the experiment
was conducted under rainfed conditions. Temperature and humidity were recorded
with an RCW-800-TH Datalogger, while precipitation was measured with a Tenite
110672 pluviometer. Base temperature (BaseT) was determined with the following

equation:

(MaxT + MinT)
2

MediumT =

Meanwhile, two focuses were used to calculate BaseT.

Calculation of accumulated degrees-day:
Degrees-day (DeD): DeD = MediumT — BaseT'

In addition, the methodology proposed by Dawson et al. (2004) and Huang ez al. (2019)
for forage grasses was used.

Statistical analysis

A two-way analysis of variance (ANOVA) was used to analyze the data in SAS v.
9.4 (SAS, 2009). The differences between means were evaluated with the Tukey’s Test
(@=0.05), guaranteeing the statistical rigor between treatments (Gaudio et al., 2019;
Cerdas-Ramirez et al., 2021).
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RESULTS AND DISCUSSION
Influence of climatic conditions

The humidity and warm conditions during the June-July crop cycle (153- and 176.7-
mm rainfall, with 23-30 °C temperatures) favored the establishment and initial growth
of maralfala grass. These results matched the reports of Calzada-Marin et al. (2014)
and Morales Rivera et al. (2015). Meanwhile, the decrease of rainfall during August and
September (34 and 43 mm) resulted in a moderated water stress that mainly impacted low
density plantings. Similar results were registered by Mengistu et al. (2023). High density
plantings were better at maintaining soil moisture and showed a higher physiological
activity. The recovery of rainfall levels during October and November (195 and 140 mm)
enabled a vigorous final growth. The gradual accumulation off degrees—days_1 (Figure 1)
indicated favorable temperature conditions for continuous plant development, particularly
for plants grown under an organic fertilization system (Dawson et al., 2004; Huang et
al., 2019). Meanwhile, the highest yields obtained with a high planting density and the
application of boils (Figure 2) confirm the influence of climatic factors on the agronomic
development of the crop.
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Figure 1. Environmental conditions associated with the growth of maralfalfa grass, under subhumid conditions.
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in the Instituto Tecnoldgico Superior de Juan Rodriguez Clara.
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Effect of the topological planting arrangements

The ANOVA showed statistically significant differences (P<0.05) in the main effects
of the topological planting arrangements on plant height (PH), total biomass yield (TBY),
green leaf weight (GLW), and stem weight (SW).

Table 2 shows that planting topology at 40 cm (T40) recorded the highest plant height
(2.4 m), biomass yield (123.1 tha_l), green leaf weight (39.3 tha_l), and stem weight
(83.7 tha™ l). In addition, T40 recorded statistical differences from T60 and 'T80. Although
leaf percentage (38.8%) was higher in T60, this treatment recorded a lower total yield. In
contrast, T80 obtained the lowest values in all the production variables.

These results indicate that the narrower planting topology (40 cm) favors plant
development and biomass accumulation, while larger distances significantly reduce forage

yield under subhumid conditions.

Effect of the fertilization treatments

Table 3 shows that the fertilization treatments significantly influence plant height (PH)
(P<0.0001), stem weight (SW), and the morphological composition of maralfalfa. The
Biol 1 (manure+water) treatment recorded the greatest height (2.7 m) and the highest
stem weight (SW) (65.2 t ha_l), suggesting a gradual release of nutrients. Meanwhile, total
biomass yield (TBY) and green leaf weight (GLW) did not record statistical differences.
However, leaf percentage obtained higher results with CF2 (40.3%). High nitrogen doses

had a positive effect on leaf development.

Table 2. Effect of topological planting arrangement and nitrogen fertilization on the yield and composition
of maralfalfa grass (Pennisetum spp.) grown under subhumid conditions in Veracruz.

Topologias PH TBY GLW SW LP SP
T40 cm 9.4a% 123.12 39.3% 83.7* 31.9" 68.0°
T60 cm 2.1 66.7 " 25.7" 41.0° 38.8° 62.7"
T80 cm 2.0 51.7° 19.0" 32.6" 37.2* 61.1°

*Means with different letter in a column are statistically different (Tukey P=0.05). T40=planting topology
at 40 cm; T60=planting topology at 60 cm; T80=planting topology at 80 cm; PH (ALTP)=plant height
(cm); TBY (REN)=total biomass yield (t ha™ l); GLW (PVH)=green leaf weight (t ha™ 1); SW=stem weight (t
ha_l); LP (PHQJ)=leaf percentage (%); and SP=stem percentage (%).

Table 3. Effect of nitrogen fertilization and biols on the yield and composition of maralfalfa grass (Pennisetum
spp.) grown under subhumid conditions.

F;i:::;:zf PH TBY GLW SW LP SP
Biol 1 2.7% 95.8 30.5 65.2 33.4 66.5
Biol 2 2.3 74.4 25.0 49.4 33.7° 66.2%
Biol 3 2.1 70.9 24.8 46.1° 35.7 64.2%
CF1 19" 86.5 30.6 55.8% 36.7% 63.2°
CF2 1.8 74.8 29.2 45.6" 40.3* 59.6"

*Means with different letter in a column are statistically different (Tukey P=0.05). Biol 1: manure+water;
Biol 2: manure, serum, treacle, yeast, and micronutrients; Biol 3: serum, treacle, microorganisms, and

minerals; CF1 (FQ1) (urea): 50 kg N ha™'; CF2 (FQ2) (urea): 100 kg N ha™'.
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Interaction between planting arrangements and fertilization

Table 4 shows the interaction between topological arrangements and fertilization
treatments. Biol 1 combined with T40 recorded the highest biomass yield (123.1 tha™h),
followed by Biol 2 at the same density. These combinations also stood out in green leaf
weight (GLW) and stem weight (SW). In contrast, T80 and CIF2 recorded the lowest values,
particularly regarding SW (32.6 t ha™ 1).

Influence of the climatic conditions on the development of maralfalfa grass
Climatic conditions are important for the establishment and development of
maralfalfa grass. Abundant rainfall and warm temperatures during the first months of
the crop (June and July) favored a fast rooting and a strong plant growth. These results
match the findings of Calzada-Marin (2014), who pointed out that maralfalfa grass has a
positive response to subhumid warm climates, as a result of its high-water demand during
the initial stages. Nevertheless, the reduction of rainfall during August and September
had a higher impact on low density plantings (T60 and 180), perhaps due to the lower
competition for resources. Similar results were reported by Morales Rivera et al. (2015)

in their analysis of crops under water stress.

Table 4. Effect of the planting topology combination, nitrogen fertilization, and biols on the yield and
composition of maralfala grass (Pennisetum spp.) grown under subhumid conditions.

Topological Fertilization PH TBY GLW SW LP SP
Arrangement Treatment
Biol 1 2.4 123.1 39.3 83.7% 31.9 68.0
Biol 2 2.3 95.8 30.5 65.2°% 33.7 66.5
T40 cm Biol 3 2.1 86.5 25.0 55.8" 35.7 64.2
CF1 1.9 86.5 30.6 55.8" 36.7 63.2
CF?2 1.8 74.8 29.2 456" 40.3 59.6
Biol 1 2.1 74.4 25.7 494" 33.7 66.2
Biol 2 2.3 70.9 24.8 46.1" 35.7 64.2
T60 cm Biol 3 2.1 86.5 30.6 55.8" 36.7 63.2
CF1 1.9 74.8 29.2 456" 40.3 59.6
CF?2 1.8 70.9 30.5 49.4° 35.7 64.2
Biol 1 2.0 74.8 19.0 32.6° 40.3 59.6
Biol 2 1.9 70.9 25.7 410" 38.8 62.7
T80 cm Biol 3 1.8 74.8 19.0 32.6"° 37.2 62.7
CF1 1.8 70.9 25.7 41.0° 38.8 62.7
CF?2 1.8 70.9 19.0 32.6° 37.2 62.7

* Means with different letters in a column are statistically different (Tukey P=0.05). T40=planting topology
at 40 cm; T60=planting topology at 60 cm; T80=planting topology at 80 cm; Biol 1: manure +water; Biol
2: manure, serum, treacle, yeast, and micronutrients; Biol 3: serum, treacle, microorganisms, and minerals;
CF1 (FQ1) (urea): 50 kg N ha™'; CF2 (FQ2) (urea): 100 kg N ha™'; PH (ALTP)=plant height (cm); TBY
(REN)=total biomass yield (t ha_l); GLW (PVH)=green leaf weight (t ha_l); SW=stem weight (t ha™ 1); Lp
(PHQJ)=leaf percentage (%), and SP=stem percentage (%).
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Effect of topological planting arrangements

Planting density had a significant effect on total biomass yield and morphological
composition of maralfalfa grass. The treatments where furrows were located closer to each
other (40 cm) recorded higher yields than those where furrows were 60 and 80 cm apart.
These results prove that a higher plant population per area unit favors plant development
and biomass accumulation. In physiological terms, denser plantings promote a higher
competition for light, promoting longer stems and wider canopy area. This competition
also intensifies root exploration, improving water and nutrient absorption and resulting
in a more efficient use of resources. In addition, these results match the reports of Botero-
Londofio et al. (2021), who recorded a higher biomass production and nutrient uptake
in Pennisetum purpureum grown at higher densities. For their part, Villanueva-Avalos et
al. (2022) indicated that a wider canopy cover in dense planting enables a more efficient
interception of active photosynthetic radiation, reducing evapotranspiration and favoring
the microclimate of the crops. Meanwhile, more separation between furrows (160 and
T80) reduced the competition for light and promoted a higher leaf ratio in the biomass.
These results are similar to the findings of Mengistu et al. (2023), who pointed out that low
densities increased leaf development in Pennisetum spp. The highest stem development took
place in denser plantings. This phenomenon reveals the preference for biomass assignation
in the support structures required to maintain a more competitive architecture. According
to Dawson et al. (2003), who studied the competition among perennial grasses, this response
is associated with a higher meristematic activity and transport of photo-assimilates towards

structural tissues.

Impact of the fertilization treatments

The application of organic biofertilizers, particularly Biol 1 (manure+water), promoted
taller plants and a significant accumulation of structural biomass of Pennisetum spp. This
effect could be the result of a gradual release of essential nutrients during the crop cycle,
enabling a constant improvement of plant nutrition. According to Dubey (2019), this type
of formulas favors photosynthetic activity and nutrient absorption, maintaining a stable
soil fertility. Likewise, Rosabal et al. (2021) reported that the use of biols increases yield
without dependence on synthetic fertilizers. In addition, Monge-Pérez et al. (2022) proved
that biols improve soil moisture retention, which is a key factor for an ongoing physiological
activity under subhumid conditions. These benefits show how organic treatments have a
better performance than chemical treatments, particularly regarding plant height and stem

weight.

Interaction between topological arrangements and fertilization

The combination of a high-density planting (40 cm between furrows) and the application
of Biol 1 significantly favored the production of structural biomass of maralfalfa grass,
particularly regarding stem development. This synergy suggests that the topological
arrangement influences the efficient uptake of nutrients from biofertilizers, because a
higher competition for light and resources promotes a preferred assignation towards

support tissues. Hermitano e al. (2022) reported similar results with Pennisetum spp. In
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their experiment, the appropriate management of organic fertilization in dense planting
increased structural biomass. For their part, Caballero et al. (2023) reported that the
adjustment of density and fertilization type improved nutrient uptake. Finally, Harish et al.
(2022) and Kiruba and Saeid (2022) pointed out that the combination of biofertilizers and
appropriate agricultural practices significantly increases the productivity of foraging crops.
Under subhumid conditions, this joint strategy was more efficient than the use of chemical
fertilization. Although treatments such as CI2 (100 kg N ha_l) increased leaf percentage
(Pereira et al., 2022), they did not reach the total biomass yield recorded by Biol 1. These
results are similar to those reported by Dubey (2019) and Hermitafo et al. (2022), who
pointed out that biofertilizers gradually release nutrients, maintaining a steady growth
of the crop, even under water stress. In addition, Maldonado-Quifiones ¢t al. (2021) and
Fayos-Fever ¢t al. (2023) pointed out that organic fertilization increases yield in warm and
subhumid environments. Finally, Rosabal et al. (2021) and Pereira et al. (2022) mentioned
that the use of biols not only improves the efficient use of nutrient and water, but also
contributes to the productive stability of the system and reduces the dependency on

synthetic fertilizers, proving its value as a sustainable practice in tropical livestock systems.

CONCLUSIONS

In order to achieve a better morphological development and to improve yield under
the subhumid conditions of Veracruz, the use of topological arrangements (high density
plantings and the application of fertilizers) to provide nutrients for Pennisetum spp. is

fundamental.
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ABSTRACT

Objective: To estimate production, chemical composition, and ruminal degradation kinetics of dry matter
from Guazuma ulmifolia and Gliricidia sepium.

Design/Methodology/Approach: Guazuma ulmifolia and Gliricidia sepium were studied at the Germplasm
Bank of the Rosario Izapa Experimental Field of INIFAP, estimating dry matter production per plant and per
hectare, chemical composition, in situ degradability of dry matter, and ruminal degradation parameters of dry
matter.

Results: Both species recorded >19% crude protein content at 30, 45, and 60 days of regrowth. The in situ
degradability of dry matter at 45 days of regrowth was higher in G. sgpium at all incubation times, while dry
matter production per plant and per hectare was higher in G. u/mifolia in all three regrowth times.

Study Limitations/Implications: Data collection and sampling followed manual defoliation. Evaluating the
defoliation caused by grazing is still a pending matter.

Findings/Conclusions: The species G. ulmifolia and G. sepium have nutritional and productive characteristics
that make them suitable for inclusion in biodiverse forage production systems. G. ulmifolia can be defoliated at
45 days of regrowth, while the defoliation of G. sepium requires 60 days.

Keywords: feeding, cattle, grazing, native species.

INTRODUCTION

In tropical regions, low nutritional quality and limited availability of forage cause
nutritional deficiencies in livestock, negatively impacting average daily weight gain,
reproductive performance, milk production, and immune function (Solorio et al., 2017).
To enhance forage production and quality for livestock feeding, sustainable technologies
must be developed. Additionally, those technologies must be economically competitive and

appealing to producers.




AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/n8snqql9 62

Biodiverse forage production for livestock feeding under intensive rotational grazing
systems 1s based on native grasses, legumes (Fabaceae), and forage shrubs. The most
outstanding of those species include Gliricidia sepium (Jacq.) Walp. and Guazuma ulmifolia
Lam., given their natural adaptation to tropical ecosystems. These forage species contribute
to the sustainability of the system, because they reduce production costs and dependency
on external supplies to provide forage and protein to livestock, moderate both macro-
and microclimatic conditions, improve soil fertility, and mitigate the impact of droughts
(Aguirre et al., 2021). G. ulmifolia, a species native to Central America, is recognized for
its rapid regrowth after defoliation, an >18% foliage protein content, and its ability to
produce forage during the dry season. Therefore, it could be a valuable alternative for
high-quality forage production (Manriquez et al., 2011).

Gliricidia sepium belongs to the Fabaceae family. This tree species is native to Central
America and Mexico, but has spread to other tropical regions, due to its versatility and
multiple uses. It has a remarkable capacity to produce foliage during the dry season, with
a >20% crude protein content and a 50-70% dry matter digestibility, depending on growth
conditions and management practices (Cuervo et al., 2013; Canul ¢t al., 2018). Therefore,
the objective of this study was to evaluate the forage production potential and nutritional
quality of G. ulmifolia and G. sepium in a biodiverse forage production system, through the

analysis of chemical composition and in situ digestibility.

MATERIALS AND METHODS
Study area and climate

The study was conducted at the Rosario Izapa Experimental Field of INIFAP, located
in the municipality of Tuxtla Chico, Chiapas, Mexico (latitude 14.961864, longitude
—92.153272, 398.41 m.a.s.l.). The climate is classified as warm humid (INEGI, 2025).
Mean, maximum, and minimum monthly temperatures recorded 26.2 °C, 27.0 °C,
and 25.6 °C, respectively. The average annual precipitation is 3,894.6 mm. Most of the
rainfall took place during the summer and the highest rainfall was recorded from June to
September. Winter rains accounted for 5 to 10.2% of the annual total. The total annual
evaporation is 1,384.2 mm, with an annual average of 115.35 mm, and maximum and
minimum monthly values of 155.0 mm and 111.5 mm, respectively. Solar radiation
intensity is approximately 7+ 1 h of sunshine per day (CONAGUA, 2024). The soil type is
classified as Eutric Sideralic Gambisol (Clayic, Humic) (INEGI, 2025). Soil texture varies
between horizons, ranging from clay to silty clay and clay loam. Soil pH ranges from 5.7

to 5.9, organic matter content from 1.2% to 1.3%, and total nitrogen content from 0.05% to
0.35% (Gémez et al., 2018).

Establishment of the biodiverse system

In May 2023, a Guazuma ulmifolia and Gliricidia sepium plantation was established in a
2,500 m? plot. The plants were arranged in double rows, with 1.5 m between them and
1.5 m between rows, resulting in a planting density of 1,600 plants per hectare. Panicum
maximum grass was sown in a 10-meter alley between the rows. The three-month-old

plants with an average height of =0.5 m were established in the plot. Four months after
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field establishment, a uniformity cut was performed at a 1.1 m height, ensuring that
=(.30-m branches were left on the plants. Subsequently, evaluations were conducted at
30, 45, and 60 days of regrowth. For this purpose, three rows were randomly selected
and 10 plants were randomly measured per row, totaling 30 plants per forage species
and evaluation period. To determine dry matter production per plant, all regrowth was
clipped with scissors 30 cm away from the main stem; the regrowth was placed in plastic
bags and weighed using a 20-kg scale with a 10 g precision. To estimate dry matter
production, samples were transferred to paper bags and dried in a forced-air oven at 60
°C for 48 h. After drying, the final weight was recorded and the dry matter percentage
was calculated. Dry matter (DM) production per hectare (MS ha_l) was estimated with

the following equation:
DM per plant (kg) X 1,600 plants

The dried samples were ground using a mill with a 2-mm sieve and placed in labeled

plastic bags for their subsequent analysis.

Proximate chemical analysis

The sample was analyzed in a laboratory located in Aguascalientes, Mexico. Total dry
matter and crude protein (CP) were determined using the Kjeldahl method. Ether extract
was measured following the Soxhlet method. Crude fiber and nitrogen-free extract (NFE)

were calculated according to the Weende method, using the following formula:
NFE =100— (as/z + ether extract + protein + ﬁber)

Ash content was determined using the techniques described by AOAC (2012). Neutral
detergent fiber (NDF) and acid detergent fiber (ADF) fractions were analyzed based on the
methodology described by Van Soest ez al. (1991).

In situ degradability of dry matter

This trial was conducted using two heifers, which were allowed to graze freely on
Digitaria swazilandensis pastures and had free access to mineral salt. Both heifers had been
fitted with ruminal fistulas. Degradability was determined through the methodology
proposed by Orskov (2000), using six incubation times. Approximately 5 g of G. ulmifolia
or G. sepium dry samples were collected from the experimental materials at 45 days of
regrowth, placed in 10X 15 cm ANKOM™ nylon bags (ANKOM Technology, Fairport,
NY, USA) with 53-um pores. They were incubated in rumen for 0, 6, 12, 24, 48, and 72
h, with three repetitions per incubation time. The bags were sequentially introduced into
the rumen and subsequently washed according to the recommendations of Nocek and
Grant (1987).

Rumen kinetics were analyzed using the model proposed by Orskov and McDonald
(1979):

P=a+b(1—¢)
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Where: P=proportion (%) of material that disappeared from the bag at time t; ¢=ruminal
solubility or the fraction disappearing at time zero (%); b=insoluble but potentially
digestible fraction (%); c=rate of disappearance of fraction b; t=incubation time.

Statistical analysis

A completely randomized design was used, with two treatments and 10 and 3
repetitions, for dry matter production per plant and per hectare and for in situ degradability,
respectively. The data were subjected to an analysis of variance (ANOVA) using the PROC
GLM procedure (SAS, 2011). Mean comparisons between treatments were performed

with Tukey’s test, reporting statistically significant differences (P<0.05).

RESULTS AND DISCUSSION
Chemical composition and dry matter production

Table 1 shows the chemical composition of Guazuma ulmifolia and Gliricidia sepium. At
30 days, the crude protein (CP) content of G. ulmifolia was 25.2%, while G. sepium recorded
23.4%. At 45 days, CP content decreased to 22.7% and 23.02% in G. ulmifolia and G. sepium,
respectively. By day 60, both species continued to show a decline in CP content: G. ulmifolia
decreased to 19.16%, while G. sepium recorded 22.49%. From day 30 to 60, G. ulmifolia and
G. sepium decreased by 5.6% and 0.91%, respectively. These values are higher than those
reported by Jiménez et al. (2008) —who recorded 13.6% in G. ulmifolia— and Castrejon et
al. (2016) —who reported 12.25% in G. ulmifolia and 16.32% in G. sepium. The differences
with previous studies may be attributed to variations in the age of the plant at the time of
sampling, which neither research team specified.

In tropical regions, the low crude protein (CP) content of grasses limits both productivity
and reproductive performance in cattle. To maximize forage digestibility, the protein
available in the rumen for microbial activity must exceed 8%, with the ultimate purpose of
enhancing nutrient use and the overall energy value of the diet (Rayas ¢t al., 2012; Kichel
et al., 2018). In this study, the CP content of G. ulmifolia and G. sepium remained above 19%
even at 60 days of regrowth, indicating that both species are an important protein source
for livestock feeding. Their high CP content, even during the dry season, makes them
viable alternatives for the mitigation of protein deficiencies in tropical cattle production

systems.

Table 1. Chemical composition of Guazuma ulmifolia and Gliricidia sepium at three regrowth ages.

ol G. ulmifolia G. sepium
30days | 45days | 60days | 30days | 45days | 60 days
Crude protein (%) 25.20 22.73 19.16 23.45 23.02 22.49
Crude fat (%) 2.68 2.30 2.44 3.17 2.39 2.25
Crude fiber (%) 29.55 35.47 41.67 26.14 22.19 24.34
Nitrogen-free extraction (%) 32.56 28.22 27.37 37.30 42.92 41.41
Neutral detergent fiber (%) 57.91 63.07 67.19 36.23 32.34 35.19
Acid detergent fiber (%) 33.80 38.20 44.20 28.65 25.76 27.37
Ash (%) 10.02 11.28 9.36 9.94 9.48 9.52
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Crude fat (ether extract: EE) content at 30 days was 2.68% for G. ulmifolia and 3.17%
for G. sepium. At 45 and 60 days, both species showed a slight decrease in fat content, but
their levels remained above 2.2% (Table 1). These results are similar to those reported for
G. sepium by Santana et al. (2019), who recorded a 2.33% EE, and by Winarti et al. (2022),
who reported 4.47% EE. In the case of G. ulmifolia, Pereira et al. (2019) reported 2.57% EE
—a similar value to the results of this study.

Regarding crude fiber (CF) content, G. ulmifolia registered 29.55% at 30 days, increasing
to 41.67% at 60 days. In contrast, G. sepium showed a 26.14% and 24.34% CI content at
30 and 60 days, respectively (Table 1). These values are lower than those reported in leaf
samples by Cabrera et al. (2018), who observed 54.3% CF for G. ulmifolia and 59.2% CF for
G. septum. CF has a positive effect on rumen function, helping to regulate pH and serving
as a primary energy source for rumen microorganisms, particularly when livestock diets
are forage-based (Dijkstra e al., 2012). As the grass matures, both CF and lignin contents
increase, while the ruminal digestibility of dry matter decreases (Van Soest, 1994). This
disadvantage of grasses can be mitigated through the incorporation of forage trees with
low fiber content into grazing diets.

At 30 days, the nitrogen-free extract (NFE) content of G. ulmifolia and G. sepium was
32.56% and 37.30%, respectively. At 45 days, NFE in G. ulmifolia decreased to 28.22%,
while in G. sepium it increased to 42.92%. By day 60, G. ulmifolia further decreased to
27.37%, while G. sepium slightly decreased to 41.41% (Table 1). These results are similar to
those reported by Okoruwa et al. (2018) (39.02%) and Julius et al. (2016) (44.53%). Higher
values have also been reported, including the 54.51% NFE content recorded by Guna et al.
(2023) and the 58.3% content found by Aye et al. (2012). In the case of G. sepium, the NFE
contents in this study are lower than those reported by Lépez et al. (2008) (45.14%) and
Cabrera et al. (2018) (45.90%).

Nitrogen-free extract (NFE) is an estimate of the content of soluble carbohydrates
(Apraez et al., 2020) —readily fermentable compounds, such as starch and sugars. They
are more easily available than cellulose and therefore support better microbial growth in
the rumen (Bach ez al., 2005). Grazing cattle diets that contain an adequate concentration
of soluble carbohydrates (NFE) significantly improves weight gain (Gaviria et al., 2015).

The neutral detergent fiber (NDF) content at 30 days was 57.91% in G. ulmifolia and
36.23% in G. sepium. At 45 and 60 days, NDF in G. ulmifolia increased to 63.07% and
67.19%, respectively; meanwhile, it slightly decreased (35.19%) in G. sepium at 60 days
(Table 1). For their part, Cortez et al. (2016) recorded 63.88% NDF for G. ulmifolia.
Meanwhile, Ayala et al. (2006) reported 43.2% NDF and 27.2% acid detergent fiber
(ADF) for G. ulmifolia and 44.2% NDF and 30.2% ADF for G. s¢pium. Finally, Pinto et
al. (2010) observed 37.10% NDF and 30.17% ADF in G. ulmifolia and 46.26% NDF and
32.32% ADF in G. sepium.

Neutral detergent fiber (NDF) is primarily composed of cellulose, hemicellulose, and
lignin (Van Soest ¢t al., 1991). Its concentration in the diet of ruminants is inversely
related to voluntary dry matter intake. Meanwhile, the increase in acid detergent fiber
(ADF) —which includes cellulose and lignin— is associated with the decrease of cellulose
digestibility (Mertens, 2002). Therefore, the integration of forage trees with low NDF
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and ADF content into biodiverse forage systems can enhance both digestibility and
forage intake in grazing cattle.

Ash content at 30 days was 10.02% and 9.94% in G. ulmifolia and G. sepium, respectively.
At 45 days, ash content in G. ulmifolia increased to 11.28%, while in G. sepium it decreased
to 9.48%. By day 60, ash content was 9.36% in G. ulmifolia and 9.52% in G. sepium (Table
1). Other authors report variable ash content: Cortez et al. (2016) recorded 12.65% in G.
ulmifolia, while Molina et al. (2013), Pacheco et al. (2013), and Mayren et al. (2018) reported
9.02%, 9.36%, and 11.3% content in G. sepium.

Meanwhile, dry matter production (DMP) (kg plant "and tha™ 1) showed higher values
in G. ulmifolia at 30-, 45-, and 60-days post-cutting (P<0.05). At 30 days, DMP for G.
ulmifolia was 0.489 t ha~!, which was higher than the DMP for G. sepium (0.328 t ha™").
At 45 days, the production of G. ulmifolia increased to 0.835 t ha~', reaching 1.082 t
ha™! at 60 days. Meanwhile, G. sepium produced 0.451 t ha™!. The DMP (t ha_l) of G.
ulmifolia was 0.161, 0.498, and 0.631 higher than that of G. sepium at 30, 45, and 60 days,
respectively.

Several authors have reported different dry matter (DM) yields under different
conditions. Vargas (2017) reported a density of 10,000 plants per hectare with 45-day
cutting intervals, in a G. ulmifolia forage bank in Colombia, recording 5.8 t ha~! of leaf
DM per year, 82 g DM per plant, and 0.8 t ha™! per cut. In Yucatan, Mexico, Casanova et
al. (2014) reported a 3.7 t DM ha~'and 5.3t DM ha™! yield during the dry season and the
rainy season, respectively. Their experiment was conducted in a plantation with 2X0.5 m
between plants, harvested every three months. Meanwhile, in Colima, Mexico, Palma (1997)
reported the highest dry matter (DM) levels in G. sepium (1.456 tha l), based on an average
of five monthly harvests. Rangel (2023) obtained leaf DM vyields ranging from 10.5 to 14.8 t
ha™! per year in a Brazilian plantation, with 1 m between rows and 50 cm between plants.

The results show that, at 45 days of regrowth, G. ulmifolia reaches a dry matter
production level of 0.835 t ha™!, with a high crude protein (GP) content and low neutral
detergent fiber (NDF) content. Given these characteristics, this forage species could be

potentially included in biodiverse forage production systems.

Table 2. Dry matter production of G. ulmifolia and G. sepium per plant and per hectare,
at different regrowth ages.

Days post- Dry matter production per plant (kg)
cutting Guazuma ulmifolia Gliricidia sepium EEM
30 0.306a 0.205b 0.026
45 0.522a 0.211b 0.055
60 0.670a 0.282b 0.086
Dry matter production per hectare (t)
30 0.489a 0.328b 0.187
45 0.835a 0.337b 0.281
60 1.082a 0.451b 0.269

a, b: Means with different letters in different rows are statistically different, according to
Tukey’s test (P<0.05). SEM (EEM): standard error of the mean.
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At all incubation times, G. sepium showed greater degradability than G. ulmifolia
(P<0.05). Degradability in G. sepium exceeded 60% and 91% at 6 and 72 h, respectively.
Meanwhile, it reached 58.55% at 24 h in G. ulmifolia (Table 3). In situ degradability
is related to the chemical composition of the forage and the ability of ruminants to
degrade it. Higher degradability is associated with a greater availability of forage
nutrients for animal functions, including production (Krizsan e al., 2012). In this study,
G. sepium showed a lower percentage of crude fiber and neutral detergent fiber, which
contributes to higher degradability and increased ruminal propionate production.
Propionate acts as a hydrogen sink, resulting in a lower proportion of enteric methane
(Jun et al., 2023).

The degradation parameters and dry matter degradation rate showed a higher soluble
fraction in G. sepium than in G. ulmifolia, indicating that a greater proportion of dissolved
nutrients is available for microbial fermentation (Orskov and McDonald, 1979).

Meanwhile, both forages recorded similar degradable fraction and degradation rate
(Table 4), indicating that microbial enzymes in the rumen can efficiently degrade the
nutrients in these forages at a moderate rate, which benefits microbial protein production
and volatile fatty acid synthesis (Bach ez al., 2005).

The indigestible fraction of dry matter was higher in G. ulmifolia than in G. sepium;
this situation is related to the higher NDF content and may limit digestion (Table 4).
According to the results, G. sepium has better ruminal degradation parameters: a high
soluble and degradable fraction, a low indigestible fraction, and a moderate degradation
rate. These characteristics may allow the animal to make better use of other dietary

nutrients, such as proteins, carbohydrates, and fats (Bach et al., 2005).

Table 3. /n situ dry matter degradability (%) of tropical forage shrubs at 45 days of regrowth.

Incubation time (h) Guazuma ulmifolia Gliricidia sepium EEM
72 78.27b 91.24a 2.24
48 73.22b 81.90a 2.95
24 58.55b 76.27a 3.05
12 36.77b 64.03a 2.44
6 29.13b 63.00a 2.06
0 9.12b 39.78a 1.44

a, b: Means within different letters in different rows are statistically different according to Tukey’s
test (P<0.05). SEM (EEM): standard error of the mean.

Table 4. Dry matter fractions and degradation rate of the evaluated forages (%).

Fraction Guazuma ulmifolia Gliricidia sepium
Soluble (a) 34.21b 42.64a
Degradable (b) 43.72b 45.33a
Indigestible 22.07a 12.03b
Degradation rate (k d/h) 0.066a 0.062a

a, b: Means within different letters in different rows are statistically different, according to

Tukey’s test (P<0.05).
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CONCLUSIONS

The crude protein (CP) content in both species was >19% at 30, 45, and 60 days of
regrowth, while the in situ dry matter degradability at 45 days of regrowth exceeded 58%
after a 24-hour incubation. Gliricidia sepium stands out for its high proportion of soluble
fraction and low indigestible fraction, which make it a better forage than Guazuma ulmifolia
in terms of nutritional quality. However, the latter has a greater dry matter production at
all three regrowth periods, showing a remarkably high production capacity starting from
day 45. In conclusion, G. ulmifolia and G. sepium have a significant potential to produce

high-quality forage in biodiverse forage production systems.
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ABSTRACT

Objective: To determine the optimal inclusion level of coffee pulp in the diet of New Zealand rabbits based on
their productive and microbiological parameters.

Methodology: Thirty (n=30) weaned male rabbits, with an average age of 30 days and an average weight of
589 g, were randomly distributed into individual cages across three treatments with inclusion levels of 0%, 25%,
and 45% coffee pulp silage fermented for 60 days. The animals were fed for eight weeks with isoenergetic and
isoproteic diets.

Results: Feed intake did not show significant differences, suggesting that the inclusion of 45% coffee pulp silage
does not affect the diet’s acceptability for rabbits. Although feed intake was not affected, daily weight gain
showed significant differences among treatments. On the other hand, hot carcass yield presented significant
differences between treatments, with the 0% coffee pulp inclusion showing the highest carcass yield. Regarding
cecal total bacterial concentration, an increasing trend was observed in treatments with higher inclusion levels
of coffee pulp silage.

Implications/Limitations: No significant limitations were observed.

Conclusions: The use of coffee pulp silage remains a viable alternative for rabbit feeding, showing excellent
acceptability by the animals and promoting cecal bacterial growth.

Keywords: Tannins, Carcass, Cecum, Nutrition.

INTRODUCTION

Over the years, various agricultural by-products have been used in animal feeding with
the aim of improving productive performance and reducing feed costs. The inclusion of
coffee pulp in animal diets is not recent, as its use has been documented for more than 30
years in species such as sheep (Ferreira et al., 2003), poultry (Florez and Rosales, 2018),
pigs (Braham and Bressani, 1978), fish (Moreau et al., 2003), cattle (Vargas et al., 1977),
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and rabbits (Bautista et al., 1999). The presence of high concentrations of tannins and
caffeine in coffee pulp limits its inclusion in animal diets (Salinas ¢t al., 2015), since, by
acting as enzyme inhibitors, they reduce the availability of consumed protein (Noriega
et al., 2008). However, these concentrations can be reduced through silage, improving its
nutritional value (Ferreira et al., 2000). It has been demonstrated that, at optimal levels,
these compounds can provide antioxidant properties beneficial to the animal (Sroka and
Cisowski, 2003). Currently, the inclusion of coffee pulp in animal diets is mainly applied to
ruminants; however, it represents an excellent alternative for rabbit feeding, where inclusion
levels of up to 85% have been reported (Bautista et al., 1999). The dietary fiber content of
coffee pulp favors the digestive function of rabbits (Zhu et al., 2014), since it is known that
a low intake of dietary fiber leads to a decrease in cecal bacterial biomass, associated with
reduced fermentative activity and consequently lower bacterial fibrolytic activity (Bellier
and Gidenne, 1996), which may result in decreased nutrient absorption and utilization.
Based on the above, the optimal inclusion level of coffee pulp in the diet of New Zealand

rabbits was evaluated through their productive and microbiological parameters.

MATERIALS AND METHODS
This study was conducted at the Rabbit Production Module of the Educational
Program in Agricultural Engineering and Animal Science of the Benemérita Universidad

Auténoma de Puebla.

Coffee Pulp Silage
The silage process of the coffee pulp was carried out in 1,100-liter airtight containers,
with a fermentation period of 60 days. It is important to note that the silage was drained

and dried prior to its incorporation into the diets.

Animals

Thirty (n=30) weaned male New Zealand rabbits, with an average age of 30 days and
an average weight of 589+39 g, were randomly distributed into individual cages across
three treatments with inclusion levels of 0% (T'1), 25% (12), and 45% ('1'3) coffee pulp silage
(Table 1).

Feeding

The animals were fed isoenergetic and isoproteic diets for eight weeks, formulated
according to the requirements for growing rabbits established by the NRC (1985), with
free access to feed and water (Table 2).

Productive Variables

Feed intake (FI) was calculated as the difference between final and initial body weight
divided by the number of days in the period. Daily weight gain (DWG) was measured
periodically, considering the amount of feed offered and refused. Hot carcass yield (HCY)
was obtained by the ratio of hot carcass weight to slaughter weight, multiplied by 100.
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Table 1. Composition of the experimental diets.

Treatments
Ingredients
T1 T2 T3
Coffee pulp 0 25 40
20 8 0
Alfalfa
13 9 10
20 15 20
Corn stubble
24 25 24
10 12 0
Corn kernels
7 0 0
5 5 5
Sorghum kernels
1 1 1
Table 2. Chemical analysis of the diets.
Treatments
Component (%)
T1 T2 T3
CP 14.17 15.24 14.70
ADF 42.00 45.35 46.46
NDF 34.23 34.00 35.00
Ash 5.52 5.60 6.33

T1: 0% control, T2: 25% coftee pulp, T3: 45% coffee pulp.
CP: Crude protein; ADF: Acid detergent fiber; NDF: Neutral detergent fiber.

Cecal Bacteria

Cecal bacterial counts were performed using the direct count technique with a Petroft-
Hausser counting chamber by capillarity, with an area of 0.0025 mm” and a depth of
0.02 mm. Counting was carried out using an optical microscope model WF10X-18MM
at 100X magnification. Total bacterial concentration was calculated using the following
formula described by Ley de Coss et al. (2016):

Total bacteriaml.” ' = (mean)(dilution factor) (2 %10’ )

Carcass Temperature and pH
Temperature and pH data were obtained at the time of slaughter for all animals. The
selected region for measurement was the Biceps Femoris at 0- and 20-min post-mortem,

using a Hanna potentiometer, model HI9811-5.

Statistical Analysis

A completely randomized design with three treatments was used. Data for productive
variables, pH, and temperature were analyzed by analysis of variance (ANOVA). Hot
carcass yield data were subjected to an arcsine transformation. Mean comparisons were

performed using Tukey’s test.
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RESULTS AND DISCUSSION
Productive Parameters

Feed intake (Table 3) did not show significant differences (P>0.05), suggesting that
inclusion of up to 45% coffee pulp silage does not affect diet acceptability in rabbits. This
behavior is similar to that reported in other species (Salinas et al., 2015; Noriega et al.,
2008; Bautista et al., 1999; Romero et al., 1995), where no significant differences in feed
intake were observed with the inclusion of coffee pulp silage in the diet. On the other hand,
Yoplak et al. (2017) evaluated inclusion levels of 5, 15, 25, and 35% coffee pulp meal in diets
for Peruvian guinea pigs, finding differences between treatments, with the control and
the 5% coffee pulp meal inclusion showing the best response in terms of feed intake. This
behavior may be more related to diet presentation than to coffee pulp inclusion, as feed
intake depends on multiple factors, including feed texture (Tarazona et al., 2012), with very
fine particle diets reducing voluntary feed consumption.

Although feed intake was not affected, daily weight gain showed significant differences
between treatments (P<0.05). This effect was observed in animals fed with coffee pulp
silage and may be related to the amount of tannins present in the silage, as they can bind
proteins, reducing their absorption and utilization, thereby decreasing the biological
availability of this nutrient (Vazquez et al., 2012). This condition limits the supply of amino
acids for protein synthesis, which is necessary for various physiological functions, including
growth. When adequate protein intake is not achieved under chronic conditions, the body
may develop protein hypercatabolism, leading to continuous depletion of protein and
energy reserves, resulting in loss of fat and muscle mass (Garcfa et al., 2014), reflected in a
reduction in body weight.

It should not be overlooked that one of the processes to reduce tannins in coffee pulp
is silage (Ferreira et al., 2000). However, this process depends on the fermentation time to
which the pulp is subjected during ensiling; that is, the shorter the fermentation period, the
higher the tannin content.

Regarding hot carcass yield, it is directly proportional to the final body weight of the
animals, showing significant differences between treatments (P<0.05), with the control
group (0% inclusion) exhibiting the highest carcass yield percentage. However, all three
treatments performed optimally in terms of hot carcass yield for New Zealand rabbits,
according to Vasquez et al. (2007), who reported a hot carcass yield of 55% for this breed.
Similarly, Herndndez et al. (2015) mentioned that rabbit carcass yield ranges between 50
and 65%, depending on various factors such as diet, breed, management, visceral weight,
and others.

Table 3. Productive response of rabbits fed with varying levels of coffee pulp.

Variable T1 T2 T3
Feed intake (g day ™) 97.45" 96.98° 108.95
Daily weight gain (g day ™) 29.25 10.77" 8.73"
Carcass yield (%) 72.02% 61.15%" 59.58"

T1: 0% coffee pulp, T2: 25% coffee pulp, T3: 45% coffee pulp.
4D Different letters in the same row indicate significant differences (P 0.05).
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Temperature and pH

Regarding carcass temperature, significant differences were observed between
treatments (P<0.05), with a marked decrease at 20 minutes post-mortem for each
treatment (Table 4). These values are consistent with Flores (2009), who reported
temperatures of 38.0£5.8 °C at 0 minutes and 23.0£7.2 °C at 20 minutes post-mortem
using the stunning by neck dislocation method, which was the same method applied in
this study. The relationship between pH and temperature is very close, and a primary
response of this relationship is meat shortening, an irreversible effect that negatively
affects meat quality. This occurs when cooling drops below 10 °C before rigor mortis,
causing contractions of muscle tissues (sarcomeres) and increasing meat toughness.

pH is one of the main variables for determining meat quality, as color, water-holding
capacity, and tenderness depend directly on this parameter (Cornejo et al., 2016). The
results obtained in this study regarding pH did not show significant differences (P=0.05)
at 0 and 20 min post-mortem, with a minimal decrease compared to expected values. It
should be noted that normal pH values for rabbit meat range from 5.71 to 6.0 (Ouhayoun
and Dalle, 1993).

This pH response is influenced by several factors, such as the amount of glycogen
present in the muscle during stunning, the type of muscle analyzed (in glycolytic muscles,
pH can drop to 5.6, while in oxidative muscles it ranges up to 6.4) (Cabanes, 1996), sex,
management, species (Mota et al., 2012), breed (Smitzis et al., 2014), and certain hormones
present in the bloodstream. Herndndez et al. (2015) analyzed carcass quality in New
Zealand and California breeds, reporting a sharp decrease in pH in New Zealand rabbit

carcasses during the first 20 minutes post-mortem, stabilizing after 12 hours with a final
pH of 6.1.

Total Cecal Bacteria Count

Total cecal bacterial concentration showed significant differences between treatments
(P=0.05), as shown in Table 5. Although the diet analyses revealed similar fiber contents
(ADF and NDF), a growing trend was observed in treatments containing coffee pulp silage.
This suggests that, even when fiber percentages were similar, the nature of the fiber allowed
greater cecal fermentation and, consequently, an increase in bacterial development, as these
microorganisms are responsible for degrading approximately 75% of the fiber consumed
by the animal (Hernandez and Cobos, 2001).

Table 4. Post-mortem carcass variables of rabbits fed with varying levels of coffee pulp.

Variable Time (min) T1 T2 T3
0 34.15" 31.50" 29.31°
Temperature (°C) " N :
20 28.20 23.85” 24.90°
0 7.83" 7.65" 7.50"
pH
20 7.64" 7.46" 7.19*

T1: 0% coffee pulp, T2: 25% coffee pulp, T3: 45% coffee pulp.
ab< Different letters in the same row indicate significant differences (P<0.05).
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Table 5. Total cecal bacteria results.

Treatments Total bacteria in cecal appendix
Tl 1710
T2 1.9%x10'"
T3 2.2x10'°

T1: 0% coffee pulp, T2: 25% coffee pulp, T3: 45% coffee pulp.
&b Different letters in the same row indicate significant

differences (P<0.05).

This is important because it has been demonstrated that cecal bacteria directly
participate in immunoglobulin synthesis, thereby enhancing the animal’s immune system
and contributing to the presence of beneficial bacteria in the digestive tract. Additionally,
increased lignin content in rabbit diets has been associated with a lower incidence of
digestive transit problems (Caisin ef al., 2020).

CONCLUSIONS

The use of coffee pulp silage remains a viable alternative in rabbit feeding, showing
excellent acceptability by the animals and promoting cecal bacterial growth. However,
further research is needed on optimal inclusion levels and ensiling times, as inclusion levels
of 25% and 45% of coffee pulp silage fermented for 60 days negatively affected carcass
yield and daily weight gain. It is worth noting the potential for studying the quality of fiber
provided by coffee pulp silage and its role in managing intestinal microbiota, which could

help elucidate the prebiotic effects it may have on the animal.
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ABSTRACT

Objective: To evaluate the impact of 22-year rotational grazing on the soil cover change of a grassland in the
northern-central region of Mexico.

Design/Methodology/Approach: In 2000, two transects were established in a grassland to measure soil
and vegetation properties. The transects were established at the same time than the rotational grazing.
Subsequently, additional information corresponding to 2002, 2003, 2004, 2005, and 2022 was registered. Each
variable was subjected to an analysis of variance to identify the effect of rotational grazing.

Results: Rotational grazing increased the plant base, leaf litter cover, and soil cover, while it reduced bare soil
and mature crust.

Study Limitations/Implications: Only few ranchers use rotational grazing in this region; consequently, no
more ranches were included in this study.

Findings/Conclusions: Rotational grazing was fundamental to improve soil cover in the grassland. The
increase of the plant base of perennial plants was associated with a precipitation increase.

Keywords: Plant base, leaf litter, soil cover.

INTRODUCTION

Native plants from grasslands mainly consist of grasses, grass-like plants, weed, and
shrubs. Grasslands provide different ecosystem services and benefits to humans, including
forage for cattle (Goodwin et al., 2023).

Natural grasslands cover 4.9% (9,578,430 ha) of the Mexican territory (SEMARNAT,
2019) and are mainly located in its northern-central region. The cow-calf production
system predominates in this area. This system consists of a continuous grazing, where
animals have constant and unrestricted access to grasslands during a given period or the

whole year. This system can make excessive use of certain areas and can potentially lead to

overgrazing (Teague et al., 2011).
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In large paddocks, cattle graze selectively and tend to use preferred areas, consequently,
increasing the animal load in those areas. When this type of grazing pattern is repeated
year after year, a progressive deterioration of grassland takes place. This situation worsens
during drought periods (Teague et al., 2011; Wang et al., 2020). Worldwide, grasslands have
suffered a notorious degradation and desertification, as a consequence of the inappropriate
use by humans (Teague and Dowhower, 2022).

In Mexico, deteriorated grasslands cover 3,794,283 ha, accounting for 39.61% of the
natural grasslands (CONABIO, 2021). This situation leads to an increase of bare soils,
erosion, and runoffs. In addition, it reduces infiltration, forage capacity, and ecosystem
resilience (Teague et al., 2013; Wang et al., 2020).

Rotational grazing is an alternative to continuous grazing (Lawrence ¢t al., 2019, Wang
et al., 2022). This system consists of using fences to divide grasslands into several paddocks.
Afterwards, cattle are moved between paddocks on a scheduled basis (Sandhage-Hofmann,
2023). The aim is to follow short grazing periods which involve a large animal load with
long break periods in which plants and soil can rest and recover (Lawrence et al., 2019).

Rotational grazing efficiently improves the use of resources from grasslands and
prevents the deterioration caused by overgrazing (Xiaoyan et al., 2019). In some
countries, the benefits of rotational grazing in commercial cattle ranches have been clear
for many years (Teague et al., 2008). In the United States of America, particularly in
California and Wyoming states, two thirds of the surveyed cattle-raisers used rotational
grazing and reported more ecological, economic, and social benefits than cattle-
raisers that used continuous grazing (Roche et al., 2015). Likewise, cattle-raisers from
the northern-central region of Texas that used eight or more paddocks reported more
ecological improvements in their grasslands than cattle-raisers that used continuous
grazing (Becker et al., 2017). However, some studies suggested that, unlike continuous
grazing, rotational grazing —which uses multiple paddocks— does not improve
vegetation and animal production (Briske et al., 2008; Chowdhury et al., 2020). The
debate on the superiority of rotational grazing over continuous grazing is still on. The
champions of both systems agree that carrying out comprehensive research is required
to optimize management decisions regarding grazing (Harmel ez al., 2021). In addition,
Rouquette et al. (2023) pointed out that grazing systems must be considered as “a work
in progress”. Consequently, this research focused on the evaluation of the impact of 22-
year rotational grazing on the soil cover change of a grassland in the northern-central

region of Mexico.

MATERIALS AND METHODS
Study Area

The research was conducted in La Copa Ranch, located in the municipality of
Sombrerete, Zacatecas, México (23° 39° 09” N and 103° 27 49” W, 23° 39’ 36” N and
103° 26> 59”7 W, 23° 40’ 15” N and 103° 27° 23 W, and 23° 39’ 42” N and 103° 28’
18” W, and 2,261 m.a.s.l.). The ranch has an irregular topography, with small plains and
low hills. The ranch has shallow limestone soils, with a sandy texture. The region has a

medium dry climate, with summer rains (BS kw), a mean annual precipitation of 462.9
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mm, and a mean annual temperature of 15.2 °C (CGNA, 2023; Garcia, 1981). This natural
grassland mainly consists of foraging species (Poaceae) of the genera Bouteloua and Aristida.
In addition, the presence of huizache (Acacia farnesiana) increased in the area, during the

22 years that lasted the research.

Grazing and Cattle Management

La Copa Ranch has 406 ha (390 ha for grasslands and 16 ha for agriculture). Its
grasslands were used for continuous grazing for many years. Rotational grazing started
in 2000, with an Angus herd. The ranch had a grazing area of 11 paddocks and each
paddock had an average of 35 ha. Cattle grazed for four days in each paddock during the
fast-growing season of grass, followed by a 40-45-day break period. Meanwhile, during the
low-growing season, cattle grazed 6-8 days, followed by a 60-80-day break period. The
herd grazed in the grassland all year long. All the calves and some heifers were sold during
weaning, when they were seven months-old. In addition, cull cows were commercialized to
adjust the animal load to the forage production of each year, which changed depending on
precipitation. The animal load of the ranch was flexible, recording 47, 51, 53, 69, 65, and
55 animals units during 2000, 2002, 2003, 2004, 2005, and 2022, respectively. During the
dry season, feed was complemented with oat (Avena sativa L.) forage produced at the ranch.

Sampling Procedure

Two monitoring transects were strategically distributed in the grassland. Monitoring
sites were selected at random for each transect. The properties of several plant and soil
were measured at each site. These properties included different percentages, including
bare soil, leaf litter area, rock covered areas, perennial plant base, and soil cover area. In
addition, on the bare soil area, the percentages of mature, immature, recent, and broken
crust were recorded. The first measurement was conducted in 2000, the same year that
rotational grazing started in the ranch. Subsequently, measurements were carried out in
2002, 2003, 2004, 2005, and 2022. In the Results section, these periods are mentioned
as year zero (0), two (2), three (3), four (4), five (5), and twenty-two (22) of rotational
grazing, respectively. In 2000, 2002, and 2004, 66 monitoring points were randomly
selected for both transects, while in 2003, 2005, and 2022, 100 monitoring points were
selected per transect. Monitoring was performed at the beginning of the autumn of all
the years, using the Early Warning Biological Monitoring-Rangelands and Grasslands
method (ASCHM, 1999).

Precipitation

Precipitation values were analyzed to determine the annual surplus or deficit regarding
the annual mean (462.9 mm) of the last 49 years of observation. The precipitation data
were obtained from El Arenal weather station, managed by the Comisién Nacional del
Agua (CGNA, 2023). The weather station is located at 200 m from the northern border of
the study area.

Rotational grazing in the ranch started in 2000. During the first two years (2000-2001)

of the implementation of rotational grazing, annual precipitation was lower than the mean.
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However, between 2002 and 2010, annual precipitation was higher than the mean. From

2011 to 2022 —except for 2015 and 2018—, annual precipitation was lower than the mean
(Figure 1).

Statistical Analysis

The response variables of the rotational grazing included the percentages of bare
soll area, leaf litter area, rock covered area, perennial plant base, and soil cover area. In
addition, the percentages of mature, immature, recent, and broken crust were determined.
Each variable was subjected to an analysis of variance, taking into account the year as
source of variation. The statistical analysis was conducted with the Minitab® 16 software,
using the General Linear Model procedure. The Tukey’s range test (¢=0.05) was used to

compare means, when significant effects were identified in any variable.

RESULTS AND DISCUSSION

Significant differences (p<0.01) were recorded in the rotational grazing (RG)
implemented in La Copa Ranch (LCR), including bare soil area, leaf litter area, perennial
plant base, soil cover area, mature crust area, immature crust area, recent crust area, and
broken crust area (Figures 2 and 3). Rock covered area did not record significant differences
(Figure 3).

When the RG started, bare soil covered 87.9% of the LCR area. Four years later,
that percentage decreased by 25 percentage points. This percentage recorded minimal
differences from year 4 (62.9%) to year 22 (66%) (Figure 2). The reduction of bare soil
area is the result of the increase of plant base area and leaf litter area during the study.
The decrease of bare soil in the LCR was significant; however, the extension of bare soil
remained significant. Teague et al. (2011, 2022) reported similar results. They pointed out
that the RG implementation led to a bare soil area reduction.
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Figure 1. Annual mean precipitation (mm) in the study area during the 2000-2022 period (CNA, 2023). The
orange horizontal line (annual mean precipitation: 462.9 mm) is the climatological normal of the last 49 years.
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LCR grassland, during 22 years of rotational grazing. Means with different letters are significantly different,
based on Tukey’s test (p<0.01). The bars represent the mean * 1 standard error.
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Figure 3. Soil cover area, mature crust, immature crust, recent crust, and broken crust percentages on the
grassland of La Copa Ranch, after 22 years of rotational grazing. Means with different letters are significantly
different, based on the Tukey’s test (p<0.01). The bars represent the means * 1 standard error.

The objective is to reduce the bare soil area. Bare soils increase the risk of erosion, as
a consequence of the lack of coverage that softens the impact of rain drops (Teague et al.,
2011). This situation can lead to the formation of superficial crusts, which negatively affect
infiltration rate and speed up the loss of organic matter (Smith et al., 2012). In addition, the
increase or loss of temperature can negatively impact infiltration and evaporation rates,
nutrient retention, and biological functions essential for the correct functioning of the
ecosystems (Teague et al., 2011).
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During this study, the area covered by leaf litter showed a growing trend. Five years
after the RG started, the leaf litter cover had increased by 12.9%, changing from 7.6% to
20.5%. This percentage did not change until year 22 of the RG, recording only a slight
reduction of 0.5% (Figure 2). Teague et al. (2011) recorded similar results, identifying the
positive effect of rotational grazing on the increase of leaf litter area.

The impact of RG on the increase of leaf litter area is the result of the short grazing
periods and the slight to moderate defoliation of the plants during the fast-growing season.
This situation allows plants to remain in their best vegetative conditions, favoring a higher
production level (Teague et al., 2011). Consequently, the forage available surpasses the
demand, resulting in a higher forage accumulation (Teague et al., 2011). Meanwhile,
during the low-growing season, cattle consume the accumulated forage and stamp on part
of the leaves that will become leaf litter.

Leaf litter is fundamental for the grassland ecosystems. High leaf litter levels improve
soil moisture retention and enhance and stabilize plant production (Deutsch et al., 2010).
Doébert et al. (2021) pointed out that rotational grazing helps leaf litter to improve the
ecological processes of the grasslands, as it increases water infiltration by facilitating a
more efficient incorporation of leaf litter into the soil surface, resulting in a better soil
structure and a higher organic matter content.

The rock covered area of the grasslands was small (=3%) and did not significantly
change during the research (Figure 2). This area is a physical indicator that is hardly
influenced by the management of the grassland or rainfall patterns.

At the beginning of the RG, only a small part (3%) of RLC was covered in plant base.
After four years, it significantly increased, reaching a maximum of 21.2%. However, during
year 3, the cover decreased by 6.2 percentage points and, after 22 years of RG, it decreased
again by 3 percentage points (Figure 2).

During the first two years of RG, precipitation was lower than the annual mean
(Figure 1). Along with the final impact of continuous grazing, it resulted in a small
plant base area; however, the area covered by plants increased 21.2% during year four
of RG. This situation suggests that both RG and the higher precipitation favored this
increase.

Although precipitation during both periods was lower than the mean, the plant base
area was notably greater after 22 years of RG than during the first two years. The plant
base area reported in year 22 was the result of a long period of moisture deficit (2016-2022).
Opverall, precipitation recorded lower values than the annual mean, except for 2018 (Figure
1 and 2). These results match the findings of Teague ¢t al. (2011, 2022), who reported that
RG increased plant base.

An increase in the covered areas of foraging plants efficiently reduces soil erosion
and improves rainfall infiltration (Teague and Kreuter, 2020). In addition, cover protects
the soil from the impact of raindrops and influences plant production (Smith et al.,
2012). Areas covered with vegetation and leaf litter reduce temperature and decrease
evaporation, improving growing conditions for plants and adding organic matter to the
soil (Teague et al., 2011).
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The soil cover area showed a growing trend during the study period (Figure 3). At the
beginning of the experiment, the soil cover area in the grassland was small (12.1%); after
four years, a significant increase took place and, during year five, the highest percentage
(37.5%) of soil cover area was recorded. However, during year 22 of RG, a 3.5 percentage
points reduction was observed (Figure 3).

The increase of soil cover area could be the result of the increase of leaf litter and of
the plant base area. These results are similar to those reported by Sanjari et al. (2009),
who recorded an increase in soil cover with RG. These authors pointed out that this
improvement in soil cover was the result of the effect of the long break periods of the RG,
which provided a recovery and sprout opportunity during the humid seasons. In addition,
McDonald ez al. (2024, 2018) reported that the soil cover area increased after the adoption
of rotational grazing. Furthermore, McDonald et al. (2024) recorded a higher soil cover
area (57.9%) in plots where the annual mean precipitation was similar to the study area.
These results could indicate that the soil cover area in the research can potentially increase.
For their part, Leys e al. (2023) mentioned that soil cover areas reduce wind erosion.

Meanwhile, the physical crusts of the soil showed an irregular trend (Figure 3). At the
beginning of the RG system, the soil of the grassland had 19.7% mature crust. However,
four years later, it was smaller (7.6%). Nevertheless, a significant increase was recorded
on year 22. The 12.1 percentage points reduction recorded during the first four years of
RG are important, because mature crusts reduce the efficiency of hydrological cycles and
mineral content in grasslands (Savory, 2005).

Rotational grazing includes small grazing periods with large densities of cattle, causing
the herd effect that can break physical crusts and facilitate the integration of dead plant
material into the soil (Savory, 2005). The immature crust area did not record significant
changes during the first five years of RG (Figure 3). The smallest percentage (5.0%) was
recorded on year 22 of RG.

The recent and broken crust area recorded higher percentages during the first years
of RG. The maximum percentage was 48.5% and was recorded during year 3 (Figure 3).
From that moment on, a significant decrease was reported, until a 15.5% crust cover was
recorded on year 22 of RG (Figure 3).

The irregular trend recorded in the bare soil area condition —particularly regarding
the presence of mature crust— matched the results reported by Débert et al. (2023), who
pointed out that stamping has a short-lived effect on soil crust.

Overall, the results of this research indicate a positive effect of rotational grazing on the
soil of the grassland. Significant changes (p<0.01) were recorded regarding the bare soil
area, plant base area, and soil cover variables from year 4 of RG; meanwhile, significant
changes were reported for leaf litter in year 5.

The improved performance of the plant soil cover could be due to precipitation level
that surpassed the annual mean. These results match the findings of Bartley ez al. (2023),
who pointed out that rotational grazing can improve vegetation, soil, and land condition,
although it takes about 3-5 years or even longer to observe statistically significant
improvements, particularly in degraded areas.
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CONCLUSIONS

Rotational grazing proved to be an important management practice to change the soil
in the grassland of the study area. Rotational grazing increased covered by the plant base
area, leaf litter area, and soil cover. At the same time, it decreased bare soil and mature
crust. The positive changes in the soil cover area of the grassland were clear after 3-5
years of the implementation of rotational grazing. Subsequently, they kept improving. The

increase of the perennial plant base area was associated with precipitation levels.
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ABSTRACT

Objective: The objective of this study was to evaluate the economic profitability of pitahaya (Hylocereus spp.)
production in southern State of Mexico through a financial analysis of representative production units, under
the hypothesis that this crop represents a viable regional agricultural alternative by generating positive and
sustainable financial indicators.

Design/methodology/approach: We utilized a financial analysis approach focusing on 0.25-hectare units,
which is the average area managed by producers in the region. This scale was chosen to avoid distortions
caused by economies of scale and to provide a more accurate reflection of local conditions. The analysis
focused on the third year after crop establishment, when production stabilizes, and income and expense flows
become clearer. Costs, revenues, and key profitability indicators such as Net Present Value (NPV), Internal
Rate of Return (IRR), Break-even Point, and Benefit-Cost Ratio (B/C) were integrated.

Results: The study yielded a Net Present Value (NPV) of $127,850 pesos, an Internal Rate of Return (IRR)
of 27.1%, and a Benefit-Cost Ratio (B/C) of 2.175, indicating solid profitability. The break-even point was
reached with the sale of 1.17 tons per cycle. The sensitivity analysis showed that the project remains viable even
with a 27% reduction in income or a 38% increase in costs.

Limitations on study/implications: The analysis is based on data collected from a specific region, which
may limit its applicability to other contexts.

Findings/conclusions: Pitahaya cultivation represents a profitable, resilient, and sustainable alternative for
diversifying agricultural production in the southern region of the State of Mexico.

Keywords: viability, production, financial analysis.

INTRODUCTION
Pitahaya (Hylocereus spp.), commonly known as dragon fruit, is a cactus species native
to the Americas that has gained relevance in Mexican agriculture due to its adaptability to

adverse climatic conditions and the growing demand in national and international markets
(Ortega-Hernandez, 2015; Ricalde & Andrade, 2009). Its cultivation is concentrated in
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arid and semi-arid regions of the country, including Quintana Roo, Yucatan, Puebla,
Aguascalientes, Tabasco, Guerrero, Nuevo Ledén, and Sinaloa, where agroclimatic
conditions favor its development and have consolidated these states as the main national
producers (SIAP, 2023). The species is characterized by low water requirements, tolerance
to soils of limited quality, and resistance to both drought and high temperatures, making
it a strategic option for agricultural diversification (Wu, 2005). In addition, its nutritional
value and antioxidant properties have increased its market acceptance and strengthened its
economic potential (Montesinos-Cruz, 2015).

At the international level, interest in crops of the genus Hylocereus has increased steadily.
Currently, production takes place in countries such as Vietnam, Mexico, Colombia,
Nicaragua, Ecuador, the United States, Israel, Thailand, Japan, and Australia (Tel-Zur,
2015). Vietnam has consolidated its position as the main exporter of fresh fruit, while
China, Indonesia, Taiwan, and Malaysia have increased their participation in production
(Chen & Paull, 2019; Mercado-Silva, 2018). Global production is concentrated in
tropical regions of the Americas and Asia, with an estimated output exceeding 2.1
million tonnes cultivated on approximately 116,836 hectares (MIDAGRI, 2021). Market
dynamism has been enhanced by the approval, in 2012, of an irradiation protocol in the
United States that facilitated compliance with phytosanitary import requirements (Chen
& Paull, 2019). Although the fruit is often considered exotic, its flavor has sometimes
been described as bland. This perception has led to the importation of sweeter varieties
from Ecuador and Colombia into North America and Europe. In this context, Vietnam
plays a significant role in Asian and European markets, as well as at times in the United
States, where larger red pitahayas have gained strong consumer preference (Wakchaure
et al., 2020).

Profitability analyses of this crop have also been the subject of research in different
countries. In Ecuador, it is recognized as a driver of development in producing areas,
despite existing structural challenges (Farez-Jaramillo et al., 2025). In Nepal, a benefit-
cost ratio of 1.87 has been documented, while in regions of India values of 2.04 have
been reported, along with an Internal Rate of Return (IRR) of 11.78% or benefit-cost
ratios ranging between 1.75 and 1.86 (Mehta e al., 2024; Sharma et al., 2021; Kikon
et al., 2021). In Mexico, Michel-Lara et al. (2022) reported a benefit-cost ratio of 2.6 in
Tolimdn, Jalisco. Additional studies in CGampeche and Puebla have also shown favorable
results, with positive indicators of Net Present Value (NPV), IRR, and Benefit-Cost Ratio
(BCR), supporting the viability of the crop under appropriate management and marketing
conditions (Ku-Caamal, 2019; Trejo-Lépez, 2012; Flores-Miranda, 2011; Méndez-Ku,
2003). These findings highlight the usefulness of financial indicators, such as total costs,
revenues, BCR, and IRR, for assessing economic viability.

Although comprehensive profitability studies are not available for traditional crops
such as maize and beans in the southern region of State of Mexico, approximate gross
income and expenditure per hectare allow comparisons with commercial crops for which
economic analyses are available, such as cucumber and tomato, and subsequently with
pitahaya, which represents the emerging crop under consideration. For example, in recent

years maize, cucumber, and tomato have shown benefit-cost ratios of 1.6, 1.27, and 1.6,
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respectively (Amaya-Pérez et al., 2025; Rebollar-Rebollar ez al., 2022; Morales-Hernandez
et al., 2018). These values suggest that pitahaya, given its economic potential, represents an
attractive alternative to traditional and commercial crops in the study area.

Despite these advantages, the expansion of the crop faces constraints, including limited
access to technical information, the absence of historical cost and yield records, and reliance
on intermediaries for marketing. These conditions reduce profitability and compromise
the sustainability of production, particularly in the southern region of the State of Mexico
and in certain areas of Puebla. In this context, it is essential to generate techno-financial
evaluations that integrate these factors and provide evidence of profitability to strengthen

regional agricultural development.

MATERIALS AND METHODS

The research was conducted in the southern and central regions of State of Mexico, as
well as in selected producing areas of the state of Puebla, where a representative number of
small-scale pitahaya producers are concentrated. These regions were selected due to their
similar production systems and scales, their growing interest in the crop, and the presence
of conditions comparable to those of southern State of Mexico.

Structured surveys and semi-structured interviews were applied to active pitahaya
producers. In State of Mexico, two producers from the southern region and three from
the eastern region were included, given that this is an emerging crop and the number of
producers in these areas remains limited. To complement the information, five producers
from the Mixteca region of Puebla were considered, an area that hosts more than 100
production units dedicated to this crop. The sampling was classified as non-probabilistic
and purposive, as priority was given to including units with production conditions, levels of
technological adoption, and scales similar to those observed in southern State of Mexico.
The study design was cross-sectional, with data collected at a single point in time. It also
included a five-year financial projection to assess the economic viability of the crop.

The questionnaires made it possible to estimate production costs, revenues, sale
prices, inputs used, harvest volumes, and technological practices. Considering that
producers primarily manage 0.25-hectare plots, the economic analysis was conducted
at this scale in order to accurately represent real production conditions and avoid biases
derived from scale-related variations. Based on the information obtained, a five-year
financial projection was developed and key financial indicators were calculated: Net
Present Value (NPV), Internal Rate of Return (IRR), Benefit-Cost Ratio (BCR), and the
producer break-even point (BEP). Data processing and the development of the financial
projection were carried out using Microsoft Excel, with annual cash flows recorded and
both operating expenses and residual value at the end of the evaluation horizon taken
into account.

The use of Microsoft Excel was justified by its versatility in constructing financial cash
flows and estimating economic indicators. To ensure the validity of the results, the formulas
were verified through manual calculations and were based on the Guidelines for Traditional
Quantitative Techno-Financial Evaluation of the FIRA Evaluation Procedure- Bank of Mexico
(n.d.). This methodological framework enabled consistent indicators and mitigated the



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/7z48tm20 92

limitations of the exclusive use of spreadsheets, in accordance with technical standards
commonly applied to the evaluation of agricultural projects in Mexico.

A Minimum Acceptable Rate of Return (MARR) of 18% was considered, supported by
three components: (i) a risk-free rate of approximately 8%, based on the historical yields
of CETES and the Interbank Equilibrium Interest Rate (TIIE) reported by the Bank of
Mexico; (i1) a country risk premium of around 6%, derived from the EMBI+ indicator for
Mexico; and (ii1) a sectoral premium of 4%, reflecting the emerging nature of the crop,
the small scale of production units, and uncertainty in marketing channels. This value is
consistent with methodological recommendations from international organizations, which
suggest using discount rates between 12% and 20% for agricultural and rural projects in
Latin America (FAO, 2015; IDB, 2019).

The break-even point was estimated as the level of sales at which total revenues equal
total costs. Finally, a sensitivity analysis was conducted to simulate the impact of revenue

and cost variations on project profitability.

RESULTS AND DISCUSSION

Pitahaya cultivation in the southern region of the State of Mexico exhibits variable
productivity, determined by technical and environmental factors such as plant age,
agronomic management, access to irrigation, planting density, and local agroecological
conditions.

The area managed by pitahaya producers ranges from 300 m? to 3,120 m?, with a
median of 2,500 m> Most producers operate on a small scale, using their own land and
combining pitahaya cultivation with other agricultural or non-agricultural activities.
The average age of the plantations evaluated was 3 years, suggesting that most are in the
commercial development stage.

Regarding production, the estimated average yield in the study area was 10 tonnes per
hectare per cycle, with a range from 6 to 12 tonnes depending on agricultural management
conditions. This value falls within the parameters reported for other regions of the country,
such as Sinaloa, where, according to the study by Osuna-Enciso et al. (2016), yields in
the third, fourth, and fifth years of the orchard ranged between 10 and 13.4 tonnes per
hectare, depending on crop age.

Harvesting is concentrated mainly between June and October, with slight variations
among municipalities. Producers indicated that production becomes significant from the
second year onward, reaching peak productivity between the fourth and fifth years.

In this context, Figure 1 presents a comparative analysis of pitahaya’s relative
profitability compared with other crops and regions. In the left panel, the benefit-cost
ratio of pitahaya (2.2) is contrasted with traditional crops in the region, such as maize
(1.6) and black beans (1.7), as well as with predominant commercial crops such as tomato
(1.6) and cucumber (1.3). In the right panel, pitahaya produced in the southern region of
the State of Mexico (2.2) is compared with that reported for Jalisco (2.44), Guanajuato
(3.0), and Campeche (2.35), evidencing favorable regional competitiveness. These results
show that pitahaya not only exceeds traditional and well-established commercial crops

in terms of profitability in the study area, but also exhibits economic performance
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comparable to that of regions with greater productive experience. The evidence suggests
that adopting pitahaya represents an economically attractive alternative and a viable
diversification strategy for producers in the southern region of the State of Mexico.
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Figure 1. Benchmarking of the benefit-cost ratio (B/C) of pitahaya in the southern region of the State of
Mexico.

Source: Authors’ own elaboration based on data from Amaya-Pérez et al. (2025); ICAMEX (2024); SIAP
(2024); Lépez-Chavez (2024); Rebollar-Rebollar et al. (2022); Michel-Lara et al. (2022); Ku-Caamal (2019);
Carrillo-Martinez et al. (2019); Morales-Herndndez et al. (2018).

Costs and revenues

Important note: All costs and revenues presented in this section correspond to an area of
0.25 hectares, in order to accurately reflect the local production scale and avoid distortions
associated with economies of scale.

The most representative variable costs include labor (planting, pruning, fertilization,
harvesting), organic and/or chemical fertilizers, irrigation water, pest control, and fruit
transportation. On average, the estimated variable cost for 0.25 ha was MXN 60,018 per
production cycle, while annualized fixed costs (including depreciation) amounted to MXN
30,326 for the same area.

Based on an average yield of 2.5 tonnes on 0.25 hectares and an average farm-gate
selling price of MXN 50 per kilogram, gross revenues amounted to MXN 125,000 per
production cycle. This income varies depending on the marketing channel used. Some
producers sell to local intermediaries, while others can access specialized markets or
engage in direct sales (as in the case of the producers interviewed in Puebla), where
prices may increase.

When revenues were compared with total costs, a net profit of MXN 34,655 per
quarter hectare per cycle was estimated, reflecting positive margins even under traditional
management scenarios. This profit represents a 28% return on total costs, positioning the
crop as a viable alternative to other crops in the region with lower margins. It is worth
noting that revenues show strong correlations with price and crop age, with coefficients
of r=0.99 and r=0.73, respectively, based on the data. Producers with more mature



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/7z48tm20 94

plantations (=4 years) reported higher net profits due to greater production and lower per-
plant expenditures associated with establishment activities.

The summary table of average costs and revenues per production cycle is presented in
Table 1.

Table 1. Average costs and revenues per 0.25 hectares of pitahaya.

Concepts Year 0 Year 1 Year 2 Year 3 Year 4 Year 5
Annualized fixed costs (3) 30,326 30,326 30,326 30,326 30,326 30,326
Variable costs ($) 47,893 46,144 60,018 74,740 95,116 117,748
Total cost per cycle (3) 78,219 76,470 90,345 105,066 125,442 148,075
Gross yield (t) 0 0.432 2.5 4 6 8
Average farm-gate price () - 45,000 50,000 55,000 60,000 65,000
Estimated net profit ($) —78,219 | =57,030 34,655 114,934 | 234,558 371,925

This economic analysis establishes the basis for projecting the crop’s financial

performance in the medium term, which is developed in the following section.

Financial analysis of the project
To assess profitability, a financial projection was prepared based on an estimated cash

flow for a quarter of a hectare. The analysis considered:

1. Initial investment

2. Annual operating costs

3. Expected revenues from fruit sales

4. A residual value at the end of the time horizon

The initial investment (Table 2) includes expenses for the water pump, brush cutter, land
preparation, installation of the irrigation system, the PTR structure (metal tubing), and
cuttings, with a total estimated cost of MXN 271,631. This investment was depreciated over
six years using the straight-line method, recognizing that, from an accounting perspective,

some fixed assets are not fully exhausted within that period.

Table 2. Initial investment.

Fixed assets Quantity | Amount ($) Def:::l(:/:)l on Res1d1z;)l value
Water pump 1 5,500 10 2,200
Brush cutter 1 3,000 10 1,200
il;lz?slstriz};aration and irrigation ) 40,631 20 32,505
PTR structure 1 135,000 5 94,500
Cluttings 2500 87,500 10 35,000
Total 271,631 165,405

Note: Rates according to the Income Tax Law (LISR), Ministry of Finance and Public Credit (SHCP, 2024).
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Annual revenues were calculated based on average production by crop age and on
prices reported by producers, depending on fruit quality and origin, resulting in increasing
gross cash flows as the plants reach their full productive capacity (Table 3).

Table 3. Net cash flow, NPV, and IRR.

Concepts Year 0 Year 1 Year 2 Year 3 Year 4 Year 5
Sales ($) - 19,440 125,000 220,000 360,000 520,000
Costs ($) 53,743 51,994 65,868 80,590 | 100,966 123,598
Operating profit ($) —53,743 | —32,554 59,132 139,410 259,034 396,402
Fixed and deferred assets ($) 271,631 40,631
Change in working capital ($) 11,733 —262 2,081 2,208 3,056
Total investment (3$) 283,364 —262 2,081 2,208 3,056 40,631
Residual values (3) 165,405
Recovery of working capital ($) 18,816
Net cash flow ($) —337,106 | —32,554 57,050 137,202 255,978 539,992
Minimum acceptable rate of return (MARR) 18.0%
Internal Rate of Return (IRR) 27.1%
Net Present Value (NPV) $128,072.22

Under these conditions, the project showed a positive Net Present Value (NPV) of MXIN
128,072.22 at a 18% discount rate, indicating that the present value of benefits exceeds the
present value of costs. Likewise, an Internal Rate of Return (IRR) of 27.1% was obtained,
which exceeds the opportunity cost of capital, thereby confirming the project’s financial
viability (Table 3). For this study, a Minimum Acceptable Rate of Return (MARR) of 18%
was used, reflecting the opportunity cost of capital in the Mexican agricultural sector, along
with an additional risk margin associated with the productive and commercial conditions

of pitahaya cultivation.

Benefit-cost ratio (B/C)

The benefit-cost ratio (B/C) obtained was 2.175, indicating that for every peso invested
in the project, MXN 2.175 in net benefits is generated at present value. This result reflects
strong economic efficiency, as the present value of benefits (MXN 653,127) far exceeds
that of costs (MXN 300,263) (Table 4).

Table 4. B/C ratio.

Concepts Value
Present value of benefits ($) 653,127
Present value of costs ($) 300,263
Benefit-cost ratio (B/C) 2.175

Producers’ break-even point
The break-even point was reached in the third year, when total costs were fully covered

by revenues, a period in which the plantation began to stabilize its yields.



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/7z48tm20 96

Figure 2 shows that the break-even point is approximately 1.17 tonnes or MXN
58,336.15, implying that an average producer in the study area must sell at least this
amount to cover both fixed costs (MXN 30,326.20) and variable costs associated with
crop management. Beyond this level, the yellow-shaded area indicates the profit margin,
while the blue area indicates an operating loss.

This visualization provides a clear understanding of the relationship between
production and income, helping producers make strategic decisions regarding minimum
sales volume, target prices, and profitability levels. It also highlights the importance
of optimizing costs and securing marketing channels that allow this threshold to be
exceeded with confidence.

— — — Fixed cost Total cost Total revenue

140,000

120,000

Break-even point
(1.17; 58,336.15

80,000

60,000

Mexican pesos (MXN)
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20,000
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Figure 2. Break-even point of pitahaya production.

Sensitivity analysis

A sensitivity analysis 1s presented under a first combined scenario that considers
progressive reductions in revenues (—5%, —10%, and —15%) together with increases in
production costs (between +5% and +35%). The results show that crop profitability
remains positive only when revenue reductions are below 10% and cost increases are
below 20%. Beyond a 20% increase in costs and a 10% decrease in revenues, profitability
becomes negative, revealing the production system’s vulnerability to simultaneous
market shocks. More adverse scenarios, such as a 15% reduction in revenues and
cost increases above 30%, result in significant losses, highlighting the importance of
strategies aimed at stabilizing prices and controlling production costs (Table 5).

In the second scenario (decline in sales), the results show that the project remains
profitable with reductions of up to 27%, although costs are barely covered and margins
become much tighter. In contrast, under scenario 3 (cost increase), the project withstands
cost increases of up to 38% without incurring losses. Beyond 39%, costs exceed revenues,
resulting in an operating loss (Table 6).
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Table 5. Combined effect of variations in revenues and costs.
Adjusted NPV Reduction in sales
80,402.68 —5.00% —10.00% —15.00% —20.00%
5.00% 80402.679 47746.3186 15089.9581 —17566.402
% 10.00% 65389.533 32733.1725 76.8120455 —32579.548
g 15.00% 50376.387 17720.0265 —14936.334 —47592.694
g 20.00% 35363.2409 2706.88046 —29949.48 —62605.84
8 25.00% 20350.0949 —12306.266 —44962.626 —77618.987
30.00% 5336.94887 —27319.412 —59975.772 —92632.133
35.00% —9676.1972 —42332.558 —74988.918 —107645.28
Table 6. Analysis of sales decline and cost increase.
Scenarios Reduction in sales Increase in costs
Variation en % 0 27 28 0 38 39
Sales ($) 125,000 91,250 90,000 125,000 125,000 125,000
Costs ($) 90,345 90,345 90,345 90,345 124,676 125,579
Difference ($) 34,655 905 —345 34,655 324 —579
CONCLUSIONS

The present study confirms that pitahaya (Hylocereus spp.) constitutes a profitable and
viable productive alternative for small-scale producers in the southern region of the State
of Mexico from the third year after establishment onward. The financial analysis showed
a positive Net Present Value, an Internal Rate of Return exceeding the opportunity cost
of capital, and a Benefit-Cost Ratio of 2.175, indicating the economic soundness of the
evaluated system. The break-even point was located at 1.17 tonnes, which is attainable
under appropriate management conditions. The sensitivity analysis indicated that, under
adverse scenarios —such as a 15% decrease in revenues combined with cost increases
above 30%— the project may incur significant losses, underscoring the need for strategies
to stabilize prices and control production costs.

The results suggest that the evaluated model could be replicated in areas with similar
agroecological conditions, such as the Rural Development Districts of Tejupilco, Valle de
Bravo, and Coatepec Harinas. According to Sotelo-Ruiz et al. (2006), these districts were
identified through climate and soil requirement modeling using a Geographic Information
System (GIS), showing very high agroclimatic potential for pitahaya. Consistently,
observations from the present study indicate that certain areas of the Mixteca region of
Puebla exhibit comparable conditions and production experience, allowing the application
of the same model. This reinforces the crop’s viability in these regions and its potential as
an alternative for agricultural diversification, capable of generating sustainable income in
the medium and long term.

The findings provide relevant information for decision-making in public policy
and productive planning. The design of accessible financing schemes that promote an
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agricultural credit culture is recommended, along with support programs for technological
upgrading and financial education strategies that enable producers and investors to make
informed decisions regarding costs, revenues, and risks. Complementarily, integrating
market studies would improve production planning and price control, thereby reducing
vulnerability to volatility. These actions would not only consolidate the economic viability
of pitahaya cultivation but also strengthen regional agricultural diversification and

producers’ economic security.
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ABSTRACT

Objective: To evaluate the structural modification of oat straw through chemical treatment with phosphoric
acid (H;PO,) and ammonium hydroxide (NH,OH), focusing on fiber retention and hydrolysis over time, due
to its relevance as a forage resource.

Design/Methodology/Approach: Oat straw samples (500 g) were treated with 1 M aqueous solutions of
H;PO, and NH,OH separately and exposed for 0, 8, 16, 24, 32, 40, and 48 hours. Samples were not washed
prior to analysis to preserve any residual chemical retention on the fiber surface. The following variables
were evaluated: neutral detergent fiber (NDF), acid detergent fiber (ADF), cellulose, lignin (ADL), silica, and
hemicellulose. Data were statistically analyzed using ANOVA and Tukey’s test (p<0.05). Results: After 8 hours
of treatment, H;PO, showed higher retention on structural components, with NDF, ADF, ADL, cellulose, and
silica retaining 9.98%, 8.84%, 1.87%, 7.65%, and 2.00%, respectively. In contrast, NH,OH treatments resulted
in lower retention: 4.01% in NDF, 4.84% in ADF, and 4.11% in cellulose. Significant reductions in NDF, ADF,
and cellulose content were observed with H;PO, after 16-48 hours, indicating a hydrolytic effect. NH,OH
treatments did not result in significant degradation.

Study Limitations/Implications: The study did not consider the effects of post-treatment washing or
neutralization, which could influence the practical application of the treated forage. Nevertheless, the findings
highlight the relevance of chemical selection and exposure time in modifying lignocellulosic structures.
Findings/Conclusions: Phosphoric acid (H,PO,) exhibited a greater affinity and reactivity with the
lignocellulosic matrix of oat straw compared to ammonium hydroxide (NH,OH), as evidenced by higher initial
retention and significant hydrolysis of structural fibers. These results suggest that H;PO, may be a more
effective agent for enhancing the nutritional accessibility of oat straw in ruminant diets. Further research is
needed to evaluate its practical viability and safety in forage treatment systems.

Keywords: retention, phosphoric acid, ammonium hydroxide, oat straw, cell walls.

INTRODUCTION

In Mexico, oats rank fifth among the crops with the largest cultivated area (Espitia
et al., 2007). It is a winter crop cultivated both for forage (De la Garza-Caballero &
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Garza-Cedillo, 2013) and grain production (Villasefior et al., 2019; Rodriguez-Herrera
et al., 2020). As a food source for humans, oat grain is notable for its high dietary
fiber content, primarily composed of non-starch polysaccharides, with hemicelluloses
being predominant (Nowakowski et al., 2008; Miller & Fulcher, 2011; Sargautiene ¢f
al., 2018). These fiber fractions contribute functional and health-promoting properties,
largely due to their arabinoxylan content, which can reach up to 21% (Couture et
al., 2022). From a forage perspective, oats are characterized by a high proportion of
fibrous components such as neutral detergent fiber (NDF), acid detergent fiber (ADF),
hemicellulose, and crude protein (Mendoza-Pedroza et al., 2021). Reported values
vary according to cutting stage and environmental conditions; on average, NDIF
ranges from 50 to 65%, and ADF from 30 to 45% (Martinez et al., 2010; Coblentz
et al., 2013; Mendoza-Pedroza et al., 2021). These lignocellulosic fractions play a key
role in determining forage digestibility and nutrient retention capacity. Several studies
have shown that certain plant species can absorb inorganic ions such as ammonium
(NHI) and phosphate (POZ_). For instance, Eichhornia crassipes, Lemna minor, and
Saccharum officinarum have demonstrated ion retention capabilities and are commonly
employed in wastewater remediation (Raimbekov et al., 2021; De Marchi et al., 2022).
In oats, the xylan fraction can also bind phosphate groups, forming phosphorylated
polysaccharides with varying degrees of substitution (Dace et al., 1997; Salama et
al., 2014; Laffargue et al., 2023). Under acidic conditions, phosphate ions readily
penetrate barley and maize roots, promoting complex formation within the cell wall
(Barrow, 2017). However, limited information is available regarding the capacity of
oat Straw an inert lignocellulosic residue to retain or absorb ammonium ions post-
harvest. This knowledge gap is particularly relevant, as ammonium may interact with
functional groups in lignin and cellulose, potentially modifying the fiber’s structure
and affecting its suitability for animal feed or nutrient recycling. Investigating these
interactions is essential for determining whether chemical treatments with NH,OH or
H4PO, differentially alter fibrous fractions, thereby influencing their composition and
reactivity. Previous studies have reported that both phosphoric acid and ammonium
hydroxide can act as hydrolytic agents, capable of altering structural components of
the plant cell wall (Berger et al., 1981; Fithri et al., 2022). Prior to hydrolysis, H;PO4
may penetrate plant tissues and form covalent bonds with polysaccharides, whereas
NH,OH may form reversible ionic interactions (Laffargue et al., 2023). Based on this,
it is hypothesized that the application of H;PO, and NH,OH to oat straw results in the
initial retention of phosphate or ammonium ions within fibrous fractions, followed by a
progressive hydrolysis of lignocellulosic components over time.

It is expected that oat straw treated with H;PO, will retain a greater amount of
phosphate ions compared to NH,OH treatment and that phosphoric acid will induce a
more pronounced hydrolytic effect on lignocellulosic fractions. Therefore, this study aims
to evaluate the changes in the fibrous composition of oat straw treated with HsPO, or
NH,OH over a 48-hour period and to determine the retention and hydrolytic effects of
both compounds.
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MATERIALS AND METHODS
Experimental site

The study was conducted at the Animal Nutrition Laboratory, Department of
Zootechnics, located on Peripheral 5 of the Universidad Autonoma Chapingo, Texcoco
de Mora, State of Mexico (19° 29°23” N, 98° 53 30” W). According to Garcia (2004),
the regional climate is classified as G(w2)(w)b(i)g a temperate sub-humid climate, the driest
among the sub-humid types with a mean annual temperature of 15.2 °C and an average

annual precipitation of 636.5 mm, primarily occurring in the summer.

Biological material and handling

The experiment was conducted between April and July 2023 using oat straw (Avena
sativa L..), Chihuahua variety, harvested at the pre-flowering stage from experimental plots
at the Colegio de Postgraduados (COLPOS), Montecillo Campus, Texcoco, Mexico (19°
277517 N, 98° 54° 217 W; 2,252 masl). The straw was baled (average weight =36 kg) and
stored under a corrugated galvanized metal roof on a concrete floor to prevent moisture
exposure. A 2 kg subsample was taken to the Animal Nutrition Laboratory for immediate

analysis.

Chemical analysis

All analyses were performed at the Animal Nutrition Laboratory, Department
of Zootechnics, Universidad Auténoma Chapingo. The fibrous components of the
lignocellulosic matrix were determined following the methodology proposed by Van Soest

(1991). Each sample constituted one experimental unit and was analyzed in triplicate.

Solutions and treatments

An untreated control (0 h) was included as a baseline. Analytical-grade ammonium
hydroxide (27.3% purity, density 0.88 g/cmg) and phosphoric acid (85% purity, density
1.88 g/cmg) were used. Both solutions were diluted to a concentration of 1 M using distilled
water. For each treatment, 500 g of oat straw was placed in plastic bags to ensure uniform
mixing and manually sprayed with the respective solution for homogeneous distribution.
The treated samples were sealed and incubated at room temperature for 0, 8, 16, 24, 32,
40, and 48 hours before analysis (Van Soest, 1991).

Evaluated variables
Based on the Van Soest (1991) methodology, the following response variables were
measured: neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin

(ADL), cellulose, silica, and hemicellulose (Hem).

Determination of NDF and its fractions

Crude fiber determination underestimates the cell wall content in forages; therefore,
Van Soest’s method uses a neutral detergent solution to isolate the cell wall (NDF), which
comprises lignin, cellulose, hemicellulose, and silica. ADY is the residue after acid detergent

digestion, where hemicellulose is removed. Subsequent treatment of ADI" with sulfuric
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acid (HySO,) dissolves cellulose, leaving lignin and silica, which are separated via ashing at
approximately 500 °C. The difference between 100 and NDT represents the cell contents,
which are considered 98% digestible. NDF 1s partially digestible by ruminants, and its
digestibility can be improved with acid or alkaline treatments.

Experimental design

A completely randomized design with a factorial treatment structure was employed:
two levels of chemical treatment (H,PO, and NH,OH) X seven exposure times (0, 8, 16,
24, 32, 40, and 48 hours). In addition to the two-way factorial analysis, each chemical
compound was also analyzed independently using a one-way completely randomized
design. The 48-hour maximum exposure period was selected based on preliminary trials
and prior studies, indicating that measurable hydrolytic or retention effects of HyPO, and
NH,OH occur within this timeframe (Krongtaew et al., 2010; Sabir et al., 2020). Longer
durations may lead to excessive fiber degradation or reagent loss through evaporation,

potentially compromising data consistency.

Statistical analysis

Data were analyzed using the general linear model procedure (SPSS, 2011). Significance
was assessed at p<0.05 for main effects and interactions within the factorial arrangement.
The main effect of chemical compound and the interaction term were evaluated using
the F-test (p<<0.05), while differences in the time factor were analyzed using Tukey’s
test (p<0.05). Additionally, the effect of time for each chemical treatment was analyzed
separately using Tukey’s test (p<0.05). No data transformations were required. Each
experimental unit consisted of the mean of three replicates derived from a single straw

batch per treatment and time point.

RESULTS AND DISCUSSION
Main effects and interaction

The results of the factorial analysis, including the main effects of time and chemical
compound, as well as their interaction, are presented below. The time factor consisted
of seven levels (0, 8, 16, 24, 32, 40, and 48 hours), while the chemical compound factor
included two levels (H;PO, and NH,OH). These effects are summarized in Tables 1 and

2, with their interaction illustrated in Figure 1.

Table 1. Main effects of the chemical compounds (H;PO, and NH,OH) on fiber fractions of oat straw (% dry matter).

Chemical compound NDF ADF ADL Cellulose Silica Hem
H,PO, 64.05 38.55b 4.42b 31.43b 4.68b 25.50a
NH,OH 64.18 42.84a 5.38a 34.21a 5.69a 21.33b
EE 0.2081 0.3273 0.0713 0.2535 0.0754 0.3467
P value 0.6670 <0.01 <0.01 <0.01 <0.01 <0.01

*NDF=neutral detergent fiber; ADF=acid detergent fiber; ADL=acid detergent lignin; Hem=hemicellulose; SE=standard error.
Means for each chemical compound, irrespective of exposure time, were compared using an F-test (p<0.05). Different letters within the same
column indicate significant differences.
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Table 2. Main effects of exposure time (0, 8, 16, 24, 32, 40, and 48 h) on fiber fractions of oat straw (% dry
matter), regardless of chemical compound.

Time (h) NDF ADF ADL Cellulose Silica Hem
0 58.48¢c 35.14b 3.81b 28.55¢ 4.02b 23.34
8 65.98a 42.43a 5.19a 34.43a 5.46a 23.55
16 65.50a 42.48a 5.27a 34.24ab 5.55a 23.02
24 64.70ab 41.26a 4.83a 33.49ab 5.11a 23.44
32 65.19ab 41.84a 5.34a 33.48ab 5.66a 23.36
40 65.45a 41.18a 4.89a 33.31ab 5.19a 24.27
48 63.51b 40.54a 4.98a 32.25b 5.29a 22.96
EE 0.3893 0.6123 0.1334 0.4742 0.1411 0.6486
P value <0.01 <0.01 <0.01 <0.01 <0.01 0.8430
0 58.48¢ 35.14b 3.81b 28.55¢ 4.02b 23.34

*NDF=neutral detergent fiber; ADF=acid detergent fiber; ADL=acid detergent lignin; Hem=hemicellulose;
SE=standard error. All data were compared across time using Tukey’s test (p<0.05), regardless of chemical
compound. Different letters within the same column indicate significant differences.

NDF remained unchanged (p>0.05), while Hem content was higher and the other

variables were lower with phosphoric acid (H;PO,) compared to ammonium hydroxide
(NH,OH). According to the results presented in Table 1, ADF, ADL, cellulose, and silica
retained more NH,OH than H;PO,, whereas Hem retained more H;PO, than NH,OH.

The Hem variable remained unaffected by the time factor, while NDIF and cellulose

increased up to 8 h (indicating a retention effect) and decreased by 48 h, with this decline

interpreted as a hydrolytic effect. The remaining response variables increased until 8 h and

then remained stable through 48 h (Table 2). These results are further examined below,

and Tables 3 and 4 detail the effects of time for each level of the chemical compound

factor (HsPO, and NH,OH). Figure 1 illustrates the interaction between compound and

time, revealing two distinct phenomena: (1) an initial retention phase (increase at 8 h),
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Figure 1. Interaction between chemical compound (H;PO, and NH,OH) and exposure time on neutral
detergent fiber (NDF), acid detergent fiber (ADF), and cellulose content of oat straw. Solid lines represent
H,PO, and dashed lines represent NH,OH. Significant compound X time interactions were detected (p<0.05).
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during which HsPO, binds to the fiber matrix, and (2) a hydrolytic phase (decline from
16 to 48 h), where phosphate progressively cleaves glycosidic and ester bonds. In contrast,
NH,OH exhibits only the retention phase, indicating a limited hydrolytic capacity. This
distinction holds practical significance, as it suggests that acid and alkaline treatments can
be strategically applied depending on whether the goal is nutrient enrichment or fiber
degradation.

Subsequently, no further changes were observed, as the trend lines for each variable
remained parallel. The greater initial increase with phosphoric acid suggests that
NDF, ADF, and cellulose exhibit a higher affinity for phosphate retention compared to
ammonium.

The interaction between the factors time and chemical compound was significant
for neutral detergent fiber (NDF), acid detergent fiber (ADF), and cellulose (p<0.05).
No significant interactions were observed for the other response variables (p>0.03). In
Figure 1, the upper pair of lines corresponds to NDF: solid line (H;PO,) and dashed line
(NH,OH); the middle pair to ADF: solid line (H;PO,) and dashed line (NH,OH); and the
lower pair to cellulose: solid line (H;PO,) and dashed line (NH,OH). Eichhornia crassipes
and Lemna minor are known to absorb phosphates (Pavlidis et al., 2022), which is why they
are commonly used in wastewater treatment. Sugarcane also takes up phosphate ions, with
De Marchi et al. (2022) reporting peak phosphate absorption in sugarcane leaves at 49 days
post-transplantation. Sabir et al. (2020) demonstrated that cellulose phosphate or cellulose/
hydroxyapatite can form at room temperature. According to Barrow (2017), phosphate
uptake by isolated barley or maize roots is notably high at pH 4. Hilt et a/. (2016) observed
that oats can absorb excess phosphate from manure. Furthermore, sodium trimetaphosphate
has been shown to crosslink starch and carboxymethyl cellulose, forming hydrogels (Cagnin
et al., 2021; Marim et al., 2024). Therefore, it is considered that in the present study, the
phosphate ion reacted with the oat straw sample under low pH conditions and was not
removed by the neutral detergent reagent at pH 7. Consequently, NDF values at 8 h were
higher than at 0 h, as were those of ADF, ADL, cellulose, and silica (Table 2). A greater
retention of phosphate than ammonium has also been reported for rice straw. This higher
phosphate retention suggests that rice straw carries more positive than negative charges
(Sooksawat et al., 2021). Additionally, the lignocellulosic matrix of straw, characterized by
its porous structure and surface charges, allows for electrostatic interactions that enhance
ion retention (Marim et al., 2024). Polysaccharides such as cellulose and hemicellulose,
rich in hydroxyl groups, can form hydrogen bonds with these ions, while lignin, with its
complex and heterogeneous polymeric structure, offers additional adsorption sites. These
combined interactions contribute to the capacity of oat straw to retain phosphate and

ammonium 1ons.

Effect of phosphoric acid on oat straw over time

With HyPO,, NDF was higher at 8 h of treatment compared to 0 h, and consequently,
ADF, ADL, cellulose, and silica also increased. After 8 h, NDF decreased, and when
comparing 48 h and 16 h, NDF, ADF, and cellulose were lower at 48 h (Table 3), indicating

a tendency toward hydrolysis as the exposure time to phosphoric acid increased. It is likely
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Table 3. Effects of phosphoric acid (HyPO,) exposure time on fiber fractions of oat straw (% dry matter).

Time (h) NDF ADF ADL Cellulose Silica Hem
0 56.02¢* 31.16¢ 2.88d 25.68¢ 3.05d 24.86
8 66.00a 40.90ab 4.75abc 33.33ab 5.05abc 26.10
16 66.83a 41.76a 4.95ab 34.00a 5.22ab 25.06
24 64.67ab 38.94ab 4.37¢ 31.84ab 4.64c 25.73
32 65.41ab 40.11ab 4.96a 32.41ab 5.25a 25.30
40 64.97ab 39.06ab 4.47bc 31.92ab 4.72bc 25.91
48 63.45b 37.89b 4.55abc 30.82b 4.80abc 25.56
EE 0.5255 0.7183 0.1013 0.6064 0.1071 0.8757
P value <0.01 <0.01 <0.01 <0.01 <0.01 0.9431

*NDF=neutral detergent fiber; ADF=acid detergent fiber; ADL=acid detergent lignin; Hem=hemicellulose;
SE=standard error. Means within each column were compared using Tukey’s test (p<0.05). Different letters
within the same column indicate significant differences.

that HyPO, is retained primarily by cellulose and NDF, rather than by other fractions.
Krongtaew et al. (2010) reported that the total polysaccharides in oat and wheat straw
increased after 4 h of acid (pH 3, 25 °C) or alkali (pH 11.5, 90 °C) treatment. In oat
straw, the total polysaccharides rose from 51% to 71.5% with acid and to 74% with alkali
treatment. When oat and wheat straws were treated with sulfuric acid (pH 3, 25 °C, 4 h),
Krongtaew et al. (2010) observed increases in total polysaccharides of 20.5% and 4.4%,
respectively. These findings align with those of Sabir et al. (2020), who demonstrated
that at room temperature, cellulose phosphate or cellulose/hydroxyapatite complexes can
form. Sodium trimetaphosphate is also capable of crosslinking starch and carboxymethyl
cellulose to produce hydrogels (Cagnin et al., 2020; Marim et al., 2024). It is important
to note that the studies by Krongtaew et al. (2010) and Sabir et al. (2020) employed more
extreme conditions (acidic pH 3-4, temperatures up to 90 °C, and short reaction times of
4 h), whereas the present study was conducted at room temperature and moderate acidity
(I M H,;PO,). These methodological differences account for the milder hydrolytic effects
observed in this experiment. No additional data were found regarding phosphate retention
by the other lignocellulosic fractions. While the uptake of ammonium and phosphate ions
by living plants has been well documented due to the relevance of fertilization (Sharma
& Chetani, 2017), the retention of these ions by post-harvest inert materials such as oat
straw has received limited attention. Research has instead focused on the hydrolysis of
lignocellulosic components. This hydrolytic effect is addressed in the following discussion.
After 8 and 16 h of treatment, phosphoric acid begins to exhibit hydrolytic activity, resulting
in lower levels of NDI, ADF, and cellulose at 48 h compared to 16 h (Table 3). However,
the other variables remained unchanged. It is possible that beyond 48 h, this reduction
could become more pronounced. Since the present study was limited to a maximum of 48
h, any further decline beyond this point was not observed in comparison to the original
(0 h) sample. These findings suggest that phosphate ions infiltrate the cell wall and form
stable phosphate esters with the hydroxyl groups of cellulose and hemicellulose, leading

to increased apparent retention. In contrast, ammonium ions (NHI) interact primarily
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through ionic exchange with negatively charged sites, which are relatively scarce in

lignocellulosic materials, thereby explaining their lower retention capacity.

Effect of ammonium hydroxide on oat straw over time

The lack of significant changes in most variables with NH,OH may be attributed to
the lower reactivity of ammonium ions compared to phosphate ions. Ammonium tends
to interact electrostatically with lignin and phenolic groups, forming weak, reversible
bonds that do not disrupt the fiber matrix. Thus, under the tested conditions (1 M, room
temperature), NH,OH acts primarily as a mild alkalizing agent rather than a potent
hydrolytic compound.

With NH,OH, an increase in NDF, ADF, and cellulose levels was observed between
0 and 8 h, with no further changes (p>0.05). The variables ADL, silica, and Hem were
unaffected by NH,OH treatment. Not a single variable showed a decrease after 8 or 16 h
of treatment (Table 4). However, at extended treatment durations, NH,OH could exhibit
hydrolytic effects. For instance, Berger ¢t al. (1981) reported increased digestibility of
oat kernels treated with 6% NaOH and 6% NH,OH over three weeks, attributing the
improvement to hemicellulose solubilization. Similarly, Zhang ez al. (2018) demonstrated
high glucose yields from sugarcane bagasse through sulfuric acid hydrolysis followed
by ethanol/NaOH treatment. When oat and wheat straws were treated with sodium
hydroxide (pH 11.5, 90 °C, 4 h), Krongtaew ¢t al. (2010) observed increases in total
polysaccharides of 11.1% and 23%, respectively. Bachmann et al. (2023) also reported
a 6.3% increase in ash content when barley straw was treated with NaOH (6 g/lkg DM,
5 min), rewetted to 40% dry matter, and stored for 14 days. In Krongtaew et al.’s study,
the increases were likely due to a concentration effect following distilled water washing
a step not performed in the present study. An increase in NDF content over time was
observed, with phosphoric acid resulting in a 9.98% rise (Table 3), significantly greater
(p>0.05) than the 4.01% increase with ammonium hydroxide (Table 4). This was not

due to a concentration effect, as no sample washing occurred before analysis. Hence,

Table 4. Effects of ammonium hydroxide (NH,OH) exposure time on fiber fractions of oat straw (% dry

matter).
Time (h) NDF ADF ADL Cellulose Silica Hem
0 60.94b* 39.12b 4.73 31.41b 4.98 21.82
8 64.95a 43.96a 5.62 35.52a 5.88 21.00
16 64.18a 43.20ab 5.59 34.48ab 5.88 20.97
24 64.72a 43.57ab 5.29 35.15a 5.58 21.15
32 64.97a 43.56ab 5.72 34.54ab 6.07 21.41
40 65.93a 43.30ab 5.32 34.70ab 5.66 22.63
48 63.56ab 43.19ab 5.41 33.68ab 5.78 20.36
EE 0.5744 0.9919 0.2468 0.7293 0.2612 0.9569
P value <0.01 0.0520 0.1760 0.0252 0.1630 0.7476

*NDF =neutral detergent fiber; ADF=acid detergent fiber; ADL=acid detergent lignin; Hem=hemicellulose;
SE=standard error. Means within each column were compared using Tukey’s test (p<0.05). Different letters
within the same column indicate significant differences.
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phosphoric acid was more strongly retained by NDF than ammonium hydroxide. Since
NDF includes cellulose, this result aligns with findings by Marim et al. (2024), who
showed that sodium trimetaphosphate can bind to cellulose chains. From a practical
standpoint, understanding the differential retention and hydrolysis patterns of H;PO,
and NH,OH in oat straw can inform strategies to enhance forage digestibility. Mild acid
pretreatments such as H;PO, may partially solubilize hemicellulose and improve fiber
accessibility to microbial enzymes, thereby promoting ruminal degradation. Conversely,
NH,OH treatments could be more suitable when the objective is to boost nitrogen
content without causing significant structural breakdown.

CONCLUSIONS

The evaluation of the retention and hydrolytic effects of phosphoric acid (H;PO,) and
ammonium hydroxide (NH,OH) on the fibrous fractions of oat straw was successfully
carried out. The results showed that both compounds interacted with the lignocellulosic
matrix, though with differing intensities and mechanisms. Phosphoric acid exhibited
significantly greater retention and hydrolytic activity (p<0.05) than ammonium hydroxide,
as demonstrated by the more pronounced reductions in NDF, ADF, and cellulose contents
after 16-48 h of treatment. These findings confirm that phosphate ions form stronger
chemical bonds with polysaccharides, while ammonium ions primarily engage in weak
electrostatic interactions. The retention observed at 8 h and the hydrolysis noted at 48
h represent two distinct chemical processes: initial ion adsorption followed by partial
depolymerization of the fiber matrix. From an applied perspective, these results suggest
that mild phosphoric acid treatments could enhance the digestibility of oat-based forages
through partial disruption of lignocellulosic bonds, while ammonium hydroxide could
serve to enrich nitrogen content without damaging fiber structure. Future studies should
examine the in vivo effects of these treatments on ruminal fermentation and nutrient

bioavailability.
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ABSTRACT

Objective: to analyze the current status and factors that constraint backyard poultry farming in rural
communities in the state of Chiapas, Mexico.

Design/Methodology/Approach: this study was conducted in four ejidos (a Mexican form of collective
landholding) in the Sierra and Valle areas of the municipality of Villaflores in the Frailesca Region, Chiapas
(Mexico) through a participatory diagnosis that considered a population of 1600 households. A correlational-
causal cross-sectional design was used, along with systematic sampling determined by using the appropriate
formula for finite populations.

Results: results showed that while 77% of households still breed birds, production has fallen 41% in the last
five years. This activity persists especially in ejidos with greater marginalization, where interest in conserving
aviculture is maintained. Despite the negative trend, backyard poultry farming continues to be an activity of
interest in the ejidos considered to have a certain degree of marginalization, where a constant commitment to
this practice is observed.

Limitations/Implications of the study: the distrust of the people surveyed in the face of the problems of
social insecurity and paternalism that prevail in the study area, negatively influenced to obtain information
that would have helped to comprehensively analyze backyard poultry farming.

Findings/Conclusions: despite the potential as an economic alternative to food insecurity, the decline in
participation and production per household threatens the long-term sustainability of backyard poultry farming.
Therefore, this study underscores the need to implement effective strategies to preserve this vital practice for
rural communities.

Keywords: food security, poultry farming, rural production, social property.

INTRODUCTION

Poultry farming plays a crucial role in feeding the Mexican population. According
to SIAP (2025), per capita consumption is 24.4 kg of eggs and 37.3 kg of chicken meat;
followed in descending order by pork, 21.8 kg and beef, 16.0 kg. In the first quarter of
2025, the growth of poultry meat (2.7%) and pork (1.5%) were relevant, as well as the
supply of eggs, which grew 0.5%; in contrast, beef consumption contracted (SIAP, 2025).
Regarding chicken meat and eggs, it is logical that there is an increasingly greater demand
because their price is lower per kilogram. This also makes the growth in demand and in

consumption greater, in addition to more availability in time and place.
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However, an obstacle to the growth of poultry farming, especially backyard poultry
farming, is the lack of technical assistance, the presence of diseases, lack of feed,
predators, and the lack of organizational structures in the market (Mata et al., 2023).
In this regard, INEGI (2018) observed that, at the national scale, only a small fraction
of poultry receives vaccines, deworming or technical assistance. Proof of this is that the
inclusion of backyard poultry farming in government programs, such as the Mexico’s
strategic program for food security (called PESA, in Mexico), has had a limited impact
and beneficiary families show a 20% continuity with the project after two years of
implementation (Cruz et al., 2016).

Despite these challenges, some studies suggest considering family poultry farming as a
way to address food insecurity in rural communities through alternative models. These also
preserve the environment and the knowledge transmitted from generation to generation
(Becerra et al., 2023). For these reasons, it was proposed to explore the current state and
the factors that condition backyard poultry farming in the Sierra and Valley areas of the
municipality of Villaflores, Chiapas (Mexico).

MATERIALS AND METHODS
Study location

The research implemented during 2024, in the ejidos Dr. Domingo Chanona (ChN),
Mexican Agronomists (AM), Ricardo Flores Magén (RFM) and Los Angeles (LA) in
the Valle and Sierra region of the Frailesca region, Chiapas. These ejidos are located
respectively 27 km, 42 km, 56 km and 66 km apart from the seat of the municipality,
which is Villaflores, Chiapas. This region is in the Pacific coastal plain and the central
lowlands of Chiapas. It is characterized by a high production of maize, also it is part of the
physiographic regions Sierra Madre and central lowlands of Chiapas, with a terrain relief
composed of sierras (hills or mountains) and valleys (INEGI, 2023).

Experimental design. The ‘correlational-causal cross-sectional’ experimental design
described by Hernandez & Mendoza (2018) was used. This design seeks to describe the
relationships between two or more categories, concepts, or variables at a specific time,
either in correlational terms or as a function of the cause-effect relationships among the
variables.

Sample. For the selection of the sample, the systematic sampling described by Otzen
& Manterola (2017) was used. Also, a population base of 1600 households was taken as
the analysis framework, from which a calculated sample of 70 houscholds was obtained.
Sample size was determined using the appropriate formula for finite populations (Tillé,

2020);
N*ZZ*P*Q
n:
P*(N=1)+Z2%p*qg

where; NV: total population; ZZ: 1.96 squared with 95% confidence; d: accuracy at 95%,
a=0.05; p*¢: binomial distribution; p: probability of success; ¢: probability of failure, each
at 0.5%, which corresponds to (0.5) (0.5)=0.25.
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A questionnaire was applied consisting of a set of questions suggested by Hernandez &
Mendoza (2018). This questionnaire included qualitative and quantitative variables related
to poultry production, as well as management and development factors of poultry farming.
The questionnaire also included variables for maize production, because this is the main
resource used in poultry feed.

Variables evaluated. Different categories of households were evaluated in relation to
poultry production; a) households that currently produce poultry; b) households that did
so at some point; ¢) households that have never been involved in production; d) households
that stopped producing poultry; and, e) households that are willing to resume activity.
Information was collected on the average number of birds produced per household, the
total number of birds per household, those causes that led to the abandonment of the
activity, and the level of knowledge about poultry production and breeding.

Statistical analysis. A descriptive statistical analysis and a correlation analysis were
performed with the IBM™ SPSS®- Statistical Package for Social Sciences (IBM, 2017).

RESULTS AND DISCUSSION
Poultry production, poultry consumption and maize production

Currently, 77% of households produce birds, 20% have had previous experience in
this activity, but not today; and 3% have not tried poultry farming. In addition, it was
observed that 52% of households that stopped producing birds are willing to resume the
activity. Regarding the average number of birds per household, there has been a decrease
of 41% compared to that number five years ago; this is, it has gone from 37 to 22 birds per
household. One of the possible reasons is what Guevara et al. (2023) indicated, this 1s, that
the abandonment of the backyard, as a productive and utilitarian space, is also linked to
subsidiary policies that contravene the principles of sustainable access to food.

These results acquire greater relevance when considering the differences between the
ejidos; especially, as a function of their proximity to the municipal seat (Table 1).

Except Los Angeles ejido, the other ejidos showed a certain positive relationship between
the average number of birds per household and the distance to the municipal seat. That

Table 1. Status of poultry production by Ejido in the municipality of Villaflores, Chiapas, Mexico.

Average number of
(%) of housewives that: birds produced per
Di household
Ejidos pance They They
(km) They They have
produced would 5 years
are now once never e - Now
producing before produced e
ChN 27 47 40 13 40 33 20
LA 66 77 23 100 40 27
AM 42 83 17 67 42 17
RFM 56 100 0 0 34 23

ChN: Ejido Dr. Domingo Chanona; LA: Ejido Los Angeles; AM: Ejido Agrénomos Mexicanos; RFM: Ejido
Ricardo Flores Magén 1 Distance to Villaflores (Chiapas), the seat of the municipality.
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is, there are more birds per household the farther away the ejidos are from Villaflores,
the municipal seat. This indicator could be influenced because higher population density
leads to the atomization of plots. Garcia et al. (2020) also observed that the reduction of
the space of the plots increased the precariousness of poultry activity. In this study, among
the variables that were important for poultry farming, more than the distance from the
ejido to the municipal seat, the most important reason was the population density of the
communities.

Poultry meat production and consumption. It was found that 4 out of every
6 kg consumed per month come from commercial strains, while the other 2 kg come
from backyard birds. Of those who choose to consume commercial strains, 41.5% do
so because they consider them cheaper. On the other hand, 43% of those who prefer to
consume backyard poultry do so because they consider those healthier and with better
flavor, because producers feed them maize. However, the preference for commercial
birds may also be due to some health concerns in backyard poultry farming. In some
places this is critical because of the poverty and marginalization that prevail in certain
regions of Chiapas and in other states of the country (Medina et al., 2018; Ramirez et
al., 2024).

Faced with these challenges, backyard poultry farming emerges as a strategy that
allows rural families to generate alternative means of self-consumption and economic
income from women’s work to promote family well-being (Jaramillo et al., 2018; Romero,
2021). If this strategy is not strengthened, backyard poultry meat consumption could
decrease further; as shown by the downward trend in backyard poultry production over
the past five years and the increase in preference for commercial poultry due to their
lower cost.

Although the percentage of preference for creole birds was declared as higher, with
the argument of a better taste and a favorable health response, this did not translate into
a higher consumption, rather was it the expression of a communicated preference. In this
sense, it 1s notable that the most populated ejido (ChN), the closest to the municipal seat,
had fewer households with poultry production, only 30% of these, and 24% less maize
production than the average produced in the four ejidos. This result could be due to the
smaller plots. In contrast, in the ejido RFM, the least populated and also far from the
municipal seat, all households reported that they have poultry and maize production.
Although both ejidos show a similar number of birds per household, 81% of the producers
are dedicated to the breeding of native birds, valued for their better flavor, greater health
and resistance to diseases.

Maize production. Forty-six percent of housecholds do not plant maize, but 77% of
households do produce poultry, suggesting that some housewives continue to breed poultry
even when the husband has stopped planting the grain. This is despite the fact that in
the last five years, although maize yield has been maintained between 5 and 5.8 tons
per hectare, the area planted per producer has decreased from 6 to 3 ha. This trend was
influenced by the disinterest of older producers in providing accurate information during
interviews. Especially if you consider that 45% of producers are between 35 and 65 years

old and show a higher level of distrust.
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Relationship between the average number of birds per household and
the distance to the municipal seat

Only in three of the four ejidos studied (ChN, AM and RFM) was a moderately
significant positive correlation (0.676) found between the number of birds per houschold
and the distance to the municipal seat. It also turned out that the farthest ejido (LA) had
the lowest ratio between the number of birds per household and the distance from the
municipal seat (Table 1), possibly due to a higher percentage of extra-agricultural workers
(15.4%), which implies a lower dependence on productive activities within the ejido.
Although health issues account for 40% of the 11 reasons identified for bird population

decline, it is not considered a major cause of aviculture abandonment.

Knowledge and decrease in poultry farming

The reasons for abandoning the activity can be visualized in a grouped mode
(Figure 1). It is highlighted that the lack of space and economic resources are the most
significant causes, respectively in 40% and 50% of cases. Regarding the reasons for
abandonment, Kumar ez al. (2021) noted that the main limitation of backyard poultry
farming was the high mortality rate due to a combination of diseases. If such a reason
were in accordance with this study, it would be partly due to lack of knowledge (Correia-
Gomes & Sparks, 2020).

Although 72.4% of housewives indicated that the number of laying months per year
is four to six, which is considered technically acceptable, the rest of the indicators varied
between 56.7% and 66.6%. This means that 33.4 to 43.3% of responses were outside the
range considered acceptable (Figure 2).

Health. The main diseases affecting birds are respiratory diseases (27%), white diarrhea
(26%), fowl pox (25%) and Newcastle (22%). However, 77% of housewives who are dedicated
to poultry production reported that they vaccinate their birds. Thus, the diseases may be
due to poor sanitary management by housewives (Toapanta et al., 2019; Kumar et al.,
2021). In addition, variability was observed in vaccination dates, July is the predominant
month (42%), followed by January (28%), December (14%), and March (11%). Also, 14% of

the people surveyed responded that they vaccinate the birds every six months, usually in

January and July.
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Figure 1. Reasons for abandonment (%) of backyard poultry farming in ejidos in the state of Chiapas, Mexico.
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Figure 2. Knowledge of the technical indicators (%) of backyard poultry farming in ejidos of Chiapas,
Mexico.

Percentage of responses

Parasitosis is another health problem, especially due to consuming contaminated
water from domestic service, or by ingesting food from the ground or waste containers,
an aspect that is not considered a problem by housewives. These health challenges may
be one of the reasons why 81% of housewives choose to breed creole landraces, as they are
not only valuable to ethnic communities, but also serve as an important genetic reservoir
for breed development globally (Becerril et al., 2024). Although the genetic diversity and
conservation of the genes of native hens are threatened by the distribution of exotic hens
(Senbeta & Keyata, 2024).

In this context, the existence and physical and hygienic conditions of the facilities and
equipment are of paramount importance. All the housewives who raise birds claimed to
have a shed for chicken with a roof and close to their homes. Of the total, 46% women
have had sheds for approximately 12 years on average, while the others allow birds to
be free during the day and confine them at dusk. This is similar to what was reported by
Thomas et al. (2025) about there is a preference and willingness to breed birds outdoors,
even with a shed available, although nighttime housing practices are variable.

A 70% of housewives mentioned that the reason why they choose to have their hens
locked up 1s because of the risk of loss due to theft or attacks by predatory animals. As for
the feeders and drinkers that are used, most are improvised with waste containers, only
5% are of industrial origin for that purpose. These are placed outdoors or in the shade of
trees, and only 7% are located in the household backyard, under a roof top.

Extra-agricultural activities. A 35% of the families that are dedicated to the
production of maize, get additional income with extra-agricultural activities. Of
those, 61% are dedicated to the provision of services and commerce, 16% work as
professionals, 15% are involved in livestock and coffee production, and only 8% work as
laborers or factory workers. This shows that extra-agricultural work is a strategy used
by the population to supplement their income, and in some cases, it constitutes the only
available economic source. These activities are done both inside and outside the ejido,
the municipality and even out of the state of Chiapas. This supports what was reported
by Morett & Cosio (2017), who found that only 34.3% of young people, in at least 58.8%
of the ejidos in Mexico, remain in their lands and join some productive activity.



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/tfn72762 119

Of the extra-agricultural workers, 67% work within the community, 17% outside the
community but within the municipality, and 16% outside the municipality but within
the state. Regarding the number of months dedicated to those activities, 75% do those
during the 12 months of the year, while the remaining 25% work for 10 to 11 months, with
average daily income ranging from $100 to $500 Mexican pesos (MXN) in 73% of cases.
In addition, 41.2% migrate outside the country, 10.7% to urban areas (big cities); and only
2.6% are employed in rural activities, possibly agriculture-related, since a non-agricultural
work wage 1s a better alternative for many young people (Gutiérrez et al., 2019).

In the case of families that have stopped producing maize, 27% pointed to lack of land,
or scarcity of economic resources (27%) and low profitability (18%) as the main reason.
These families have opted for various trades, such as blacksmithing, masonry or carpentry
(56%), day laborers or factory workers (22%) and commercial activities or poultry farming
(22%). The average number of years dedicated to these new activities is 9 years, with a
working duration of 12 months a year in 89% of cases, and only 11% work 6 months a year.
The average daily income is $183 MXN, with a mode of $200 MXN. The 77% of these
activities is done within the community, and 23% outside, but within the municipality.

In the specific case of the Los Angeles ejido, despite its farthest location from the
municipal seat, it has 1.9% more extra-agricultural workers, this is 15.4% in total, compared
to the nearest ejido (ChIN), which has 13.3%; this situation can be attributed to the migration
that characterizes the LA ejido. It is likely that the migration of the inhabitants of the ejidos
most distant from the municipal seat is mainly directed to places outside the municipality.
This is due to the low dynamism of agricultural activities and the scarce supply of labor
alternatives for the young population. This is consistent with the findings of Morett &
Cosio (2017), who indicated that four out of ten young people leave their community in

search of employment; and they are mainly directed towards the U.S.

CONCLUSIONS

Despite the challenges of backyard poultry farming, such as health issues, space
shortages, and other factors, poultry farming remains a source of income and food for
people living in rural communities. In the willingness of households to continue or resume
the activity, together with the high value attributed to native bird landraces in the local
market, their economic and cultural relevance is highlighted.

Coordinated intervention between government and communities is essential to
strengthening backyard poultry farming, addressing key issues such as animal health,
access to financial resources, and technical capacity building. These actions can contribute
to the improvement of productivity and sustainability of the poultry production sector in
the state of Chiapas.
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ABSTRACT

Objective: To evaluate the effect of electrolyzed water (EW) supplementation in the liquid diet on energy
intake, growth performance, and health of lactating Holstein calves.

Design/Methodology/Approach: Forty calves were randomly assigned to two treatments: T'1=control and
T2=5 mL of EW (Supra®) per liter of milk. Calves received colostrum after birth and were individually housed
in disinfected metal hutches. Liquid feeding lasted for 60 days, and growth was monitored until 100 days of
age. Body weight was recorded every 10 days. Milk and starter intake were measured to estimate metabolizable
energy intake. Health was evaluated by recording the incidence of diarrhea, pneumonia, and mortality. Data
were analyzed using Student’s t-tests, repeated-measures mixed models, and Pearson’s > tests (p<0.05).
Results: Average daily gain, weight gain, feed conversion, and metabolizable energy intake were similar
between treatments (p>0.05). The incidence of diarrhea and pneumonia did not differ, and no mortality was
recorded.

Limitations on study/Implications: The study was conducted under controlled management and hygiene
conditions, which may limit the extrapolation of results to herds with higher sanitary challenges.
Findings/Conclusions: Electrolyzed water supplementation in the liquid diet of Holstein calves did not affect
growth, feed efficiency, or health.

Keywords: Holstein calves, starter feed, growth performance, health.

INTRODUCTION

Neonatal calves are a fundamental component of dairy production systems and must
be reared under conditions that preserve their health and allow them to express their
full genetic potential. During the first weeks of life, calves face critical periods in which

any health impairment may have long-term consequences on productivity, including
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growth and overall efficiency (Cangiano et al., 2020). In this stage, neonatal diarrhea and
respiratory diseases are the main causes of morbidity and mortality, often associated with
pathogens such as Escherichia coli, rotavirus, and Cryptosporidium parvum, as well as with
deficiencies in management, hygiene, and colostrum supply (Silva et al., 2024).

Different technologies have been developed to reduce the prevalence of neonatal
diseases (Sedky et al., 2025). In the pharmaceutical sector, citric acid and its salts are
widely used as antioxidants, antimicrobials, and anticoagulants (Ibeagha-Awemu ef al.,
2025). The use of Moringa oleifera for controlling infections caused by microorganisms has
also been documented, showing effective antimicrobial activity (Allam et al., 2024). In
the case of water, treatment and disinfection are critical for animal rearing. Electrolyzed
water (EW), rich in hypochlorous acid, has demonstrated antimicrobial efficacy in
sanitizing facilities and equipment, and it is widely applied in countries such as Japan
and Italy in the food and dairy industries (Rebezov et al., 2022; Sudrez-Zuiliga et al.,
2023; Meghwar et al., 2024).

The increasing global demand for dairy products has forced producers to improve
the efficiency of production systems (Brki¢ & Puvaca, 2024). Successful calf rearing
is essential to ensure productive replacement animals; therefore, achieving healthy
development in early life is a priority (Battaglini et al., 2023). Proper nutrition plays
a determining role: milk, colostrum, and quality starter feed promote both growth
and rumen development. Starter feed fermentation in the rumen produces volatile
fatty acids (VFA), particularly butyrate, which stimulate epithelial proliferation and
accelerate functional maturity of the rumen (Elizondo-Salazar, 2013; Diao et al., 2019;
Palczynski et al., 2020). Inadequate energy intake may delay growth and puberty, and
compromise fertility (Wathes et al., 2014).

In this context, it has been hypothesized that EW, in addition to its potential as a
disinfectant agent, could contribute to calf performance and health when incorporated
into the liquid diet. Therefore, the objective of this study was to evaluate the effect of EW
supplementation in the liquid diet on energy intake, growth performance, and health of

Holstein calves during the rearing stage.

MATERIALS AND METHODS
Study area

The study was conducted from November 5, 2020, to January 30, 2021, in a dairy farm
located in the municipality of Delicias, Chihuahua, Mexico. The region is classified as

semi-arid and is located at an altitude of 1170 m above sea level, between parallels 28° 11
N and meridians 105° 28’ W (INEGI, 2009).

Colostrum management

Colostrum was collected from primiparous and multiparous Holstein Friesian cows
within the first 24 h after calving. Immediately after collection, density was determined
using a Brix refractometer (Model-1221, DeltaTrak®). Colostrum with =24.5% Brix
(corresponding to 80 mg mL ™! of Ig) was pooled until reaching 15 L (one batch). The
colostrum was pasteurized at 60 °C for 60 min in a commercial pasteurizer (Rudder®).
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After pasteurization, it was packed in vacuum-sealed plastic bags (20X30 cm, 2 L each)
and stored at —20 °C until feeding.

Treatments and liquid feeding

Forty calves were randomly selected and separated from their dams at birth. Calves
were individually housed in metal hutches previously cleaned and disinfected. Two
treatments were applied: T1=control and T2=5 mL of EW (Supra®) per liter of milk.
Both treatments were provided until 60 days of age. Colostrum feeding was given in two
doses: the first within two hours after birth, and the second between four and seven hours
later. Each feeding consisted of 2 L. Each calf represented an experimental unit (n=20 per
treatment). During the rearing period, 500 L of pasteurized whole milk were supplied per
calf, divided into two daily meals (08:00 and 15:00 h). Fresh water was offered ad libitum

throughout the study.

Starter feed management

Starter feed (Table 2) was offered ad libitum from the first day of life until weaning. It
was provided every morning, and additional feed was offered in the afternoon if necessary.
Intake was calculated daily as the difference between the amount offered and the refusals.
Refusals were weighed each morning using a digital electronic scale (L-EQ) 5, Torrey®).

Body weight recording
Calf body weight was recorded every 10 days from birth until 100 days of age using a
livestock scale (PG-2000, Torrey®).

Health records

Calf health was evaluated from birth until 60 days of age by recording cases of diarrhea,
pneumonia, and mortality. Diarrhea was diagnosed based on fecal consistency: calves

Table 1. Volume of milk offered to Holstein calves supplemented with EW (Supra®).

Trial days 1-7 8-15 16-40 41-56 57-60
Control 6 8 10 8 4
Supra® 6 8 10 8 4

Source: own elaboration with results from the RStudio output. Values expressed as liters
offered per calf per day.

Table 2. Ingredients of the starter feed used in calf feeding.

Ingredient Value %*
Moisture Max. 13
Crude protein Min. 21.50
Crude fat Min. 3.00
Crude fiber Max. 8.00
Ash Max. 7.00

Source: own elaboration according to the manufacturer’s label.
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with normal feces were considered healthy, whereas those with semi-pasty to liquid feces
were classified as diarrheic. Respiratory problems were identified in calves showing nasal
discharge, tearing, coughing, and body temperature above 39.5 °C; calves without these

signs were classified as healthy.

Metabolizable energy calculation

Metabolizable energy (Mcal) intake was estimated considering whole milk and starter
feed consumption. For milk, an energy value of 0.69 Mcal/LL was used, based on the
average total solids analyzed during the study period. For starter feed, an energy value
of 2.83 Mcal/kg of dry matter was applied, according to the manufacturer’s formulation.
Individual energy intake was calculated by multiplying the volume or mass consumed by
these factors

Statistical analysis

Productive performance (average daily gain, weight gain, total energy intake, and
feed conversion ratio) was analyzed using Student’s t-tests for mean comparisons between
treatments. The effect of time on body weight was assessed with a repeated-measures
mixed model (Ime, AR(1) structure, random intercept by calf). The incidence of diarrhea
and pneumonia was compared using Pearson’s % test. All analyses were performed at a
significance level of p<0.05 using R software (v4.4.3).

RESULTS AND DISCUSSION
Body weight

Calf'body weight increased progressively from birth to 100 days of age in both treatments
(Figure 1). Growth trends were parallel between groups, with no evident differences in the
trajectory of the curves. In general, calves reached body weights above 100 kg at the end of
the observation period.

Treatment

Electrolyzed water

== Control

Body weight (kg)

25
0 25 50 75 100
Day
Figure 1. Growth curve of Holstein calves from birth to 100 days of age. Mean values by treatment with
standard errors are shown.
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At 100 days of age, productive performance was similar between treatments (Table 3).
Average daily gain was 0.70%=0.10 kg/day, with no statistical difference (p=0.897). Total
weight gain (~70 kg) and metabolizable energy intake (~71 Mcal) were also statistically
equivalent between groups (p>0.05). These findings agree with Elizondo-Salazar (2013),
who explained that calf energy requirements are directly related to body weight and gain
rate, and that adequate intake allows normal growth patterns without compromising health
or structural development. Furthermore, early starter intake promotes rumen development
and continuous growth. McCurdy et al. (2019) demonstrated that consumption of
fermentable feed increases volatile fatty acid production, which stimulates rumen epithelial
development and facilitates more efficient growth.

Repeated-measures analysis confirmed that body weight increased significantly with
time (p<0.0001). However, no overall differences were detected between treatments
(p=0.259), nor a TreatmentX Day interaction (p=0.713), indicating that growth curves
were parallel between groups (Table 4). The lack of interaction suggests that EW
supplementation did not alter growth trajectories compared to the control under the
feeding conditions of this study. In calves, growth curves during lactation are strongly
influenced by milk allowance and the transition to starter feed; higher milk intake
often reduces starter consumption before weaning but is compensated after weaning,
without affecting overall growth when management is appropriate (Welk ez al., 2023).
Postnatal rumen development depends on starter fermentation (VFA production and
epithelial stimulation), which explains the similar weight curves between groups under
equal nutritional supply (Jafari et al., 2020). These results do not support our a priori
hypothesis that incorporating EW into milk would enhance growth; with equal milk
allowance and starter availability, growth is largely driven by energy intake and rumen

development, which were comparable between groups.

Table 3. Productive performance of Holstein calves supplemented with electrolyzed water (EW)
or control up to 100 days of age.

Variable EW Control p-value
ADG (kg day ™) 0.706+0.110 0.705+0.087 0.961
Weight gain (kg) 70.6x11.02 70.5%8.71 0.961
Total Mcal intake 71.6%7.41 70.9+7.43 0.752

Source: own elaboration with results from RStudio output. Values expressed as mean + SD.
ADG=average daily gain (0-100 days, n=20).

Table 4. Repeated-measures variance analysis for body weight of Holstein calves supplemented
with EW or control during 100 days.

Source of variation Num df Den df F
Treatment 1 38 1.315
Day 1 398 10,819.169
Treatment x Day 1 398 0.134

Source: own elaboration with results from RStudio output. Linear mixed model with repeated
measures (AR(1) structure, random intercept by calf).
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Starter feed intake

During the first 60 days of life, starter feed intake increased progressively in both
treatments (Figure 2). The consumption curves were very similar between groups, with no
significant differences at any measurement point. At 60 days of age, calves reached average
intakes close to 950 g/day.

The absence of differences agrees with reports indicating that, under adequate liquid
feeding conditions, starter intake depends more on feed quality and consistency of feeding

management than on external factors such as the type of water provided (Gelsinger et al.,
2016; Zhang et al., 2019;Nikkhah & Alimirzaei, 2022).

Feed conversion

Feed conversion, expressed as metabolizable energy (Mcal) consumed per kilogram
of weight gain, was similar between treatments (Table 5). Calves supplemented with EW
showed an FCR of =1.02%0.10 Mcal/kg, while the control group reached =1.01%0.09
Mecal/kg, with no statistical differences (p>0.05).

The efficiency observed indicates that both groups transformed the consumed energy
into growth with equivalent yields. These results suggest that EW supplementation did not
modify overall energy utilization during rearing. Therefore, this suggests limited room for
EW to influence nutrient utilization under these feeding conditions. Similar findings have
been reported in studies where liquid diet and starter intake, rather than water source,
determine feed efficiency in dairy calves (Wickramasinghe et al., 2019; Jafari et al., 2020).

]

/
/

/ Treatrment

500 4

- Control
=#= Electrolyzed water

Starter intake (g/d)

20 40 60
Day

Figure 2. Average starter feed intake (g/day) of Holstein calves supplemented with EW or control during the
first 60 days of age.

Table 5. Feed conversion (Mcal l«:g_l of weight gain) in Holstein calves up to 100 days of age.

Variable EwW Control p-value
Feed conversion (Mcal/kg gain) 1.04%0.20 1.04%+0.20 1.04%0.20

Source: own elaboration with results from the RStudio output. Values expressed as mean * SD.
FCR=total metabolizable energy intake (Mcal)/weight gain (kg) from 0-100 days.
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Likewise, recent studies emphasize that milk feeding consistency and feed quality are the
main determinants of FCR, while external factors such as water type show no clear effects
on conversion efficiency (Senevirathne ez al., 2018; Wickramasinghe et al., 2019).

Health

Health evaluation up to 60 days of age showed a diarrhea incidence of 30.0% in the
EW group and 35.0% in the control group, with no statistical differences (p=0.736).
Pneumonia occurred in 5.0% of control calves, while no cases were detected in the EW
group (p=0.311). No mortality was recorded in either treatment (Table 6).

Table 6. Incidence of health problems in Holstein calves up to 60 days of age.

Variable (%) EW Control p-value
Diarrhea 6 (30.0) 7(35.0) 0.736
Pneumonia 0(0.0) 1(5.0) 0.311
Mortality 0 (0.0 0(0.0) NA

Source: own elaboration with results from RStudio output. Data expressed as frequency
(percentage), p-value: Pearson’s xz test.

These results indicate that EW supplementation did not significantly reduce the
incidence of diarrhea or pneumonia, although a favorable trend was observed in the
absence of respiratory cases among treated calves. Neonatal diarrhea remains one of the
main health problems in calves, mainly associated with Escherichia coli, rotavirus, and
Cryptosporidium parvum, and with management factors such as hygiene, colostrum quality,
and stress rather than the type of water provided (Brunauer et al., 2021). Furthermore,
improvements in water microbiological quality can contribute to reducing infection
pressure, although effects depend on the initial contamination level and herd management
practices (Kamal et al., 2024). The absence of mortality in both groups is consistent with
reports from systems where adequate colostrum feeding and hygienic management reduce
the impact of enteric and respiratory diseases (Keller et al., 2024).

CONCLUSIONS

Electrolyzed water supplementation in the liquid diet of Holstein calves did not
significantly affect growth performance, energy intake, or health indicators during
the rearing period. Under adequate management conditions, the use of EW can be
implemented without negative effects on calf development; however, it does not provide

additional benefits in weight gain or disease reduction during the pre-weaning stage.
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ABSTRACT

Objective: Automation in various industrial sectors has proven to be a relevant alternative, enhancing speed
and reliability of activities. It reduces task execution time, ensures greater operational efficiency, minimizes
operator interventions, cuts production costs, and optimizes the production chain. This work aims to present
an engineering solution regarding the sensing of environmental parameters in a hydroponic greenhouse for
automation and real-time monitoring through a Human-Machine Interface developed in collaboration with
another research project.

Design/methodology/approach: An ATMega 2560 microcontroller on the Arduino Mega 2560 platform,
along with sensors for flow, temperature, humidity, luminosity, solution level, and flow presence, served as
climate and greenhouse system readers. The open-source ScadaBR software was employed as the supervisory
system for online monitoring.

Results: The developed system enabled tracking the state of the hydroponic system through a web interface
with graphs illustrating changes in system parameters over time.

Findings/conclusions: The implementation of an automated monitoring and control system in a hydroponic
greenhouse demonstrated the potential to improve operational efficiency, data accessibility, and crop
management. By integrating low-cost sensors, open-source hardware, and ScadaBR supervisory software, it
was possible to monitor temperature, humidity, luminosity, flow rate, and solution level in real time, with
responsive actuators triggered when thresholds were exceeded.

Keywords: Real-time simulation, Transmitters, Distributed control, Control systems.

INTRODUCTION

The automation of production processes has increased the safety and agility of activities
in different industrial sectors and can reduce the time it takes to carry out a given task,
thus ensuring operational efficiency, and even reducing production costs. In automation,
a central processing unit with peripherals, such as a personal computer, programmable
logic controller (PLC) or even a microcontroller, is programmed to read sensors and act

on the process, when necessary, to stabilize it. In the agricultural field, the automation
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of horticultural crops has generated positive advances, which is why it is becoming
increasingly widespread in small, medium, and large-scale crops, Barauskas et al. (2022);
Naveena et al. (2024). Linked to this, there is a continuous search by producers for advances
in technologies that allow production staproducerse automated, thus generating high
quality products with reduced costs and greater profitability, reducing time, and providing
freedom to the producer, Untoro and Hidayah (2022).

Automation not only reduces the risk of losing the crop but also makes it possible to
improve the quality of products by providing optimum production conditions, allowing
autonomy in cultivation and, consequently, human labor to be directed towards activities
that require greater intellectual dedication. Hydroponic cultivation has been shown to
be an alternative for producers who want to produce products without the application
of chemical pesticides, with high added value, close to urban centers and with restricted
surface area for cultivation. Other reasons that have encouraged this type of cultivation are
the difficulties encountered in conventional production due to various factors, including
temperature control, humidity, wind, soil fertility and pest control, making it necessary to
implement more advanced technological resources, such as automation, to assist in daily
activities, Alselek et al. (2022); Untoro and Hidayah (2022).

Maintaining a hydroponic system usually requires the recurring presence of the operator
to keep the system in good working order. One way of reducing the presence of the operator
is to monitor the operation of the hydroponics system and enabling him to carry out other
activities while keeping an eye on the operation of the greenhouse is to monitor it online.
Hydroponics is a technique for growing plants without soil, in a water environment, where
the roots receive a balanced nutrient solution made up of water and the nutrients needed
for the plant to develop properly, Rouphael and Colla (2019). It should also be noted that
this is a new technique in Brazil, and the trend is for it to be used more in places where
the climate is unstable, hindering agricultural development. In this context, automation is
important for reducing losses by controlling multiple variables in crop shelters, Lopes et al.
(2014); Kurniasari et al. (2025).

Despite these advances, most studies in hydroponic automation have focused on
specific parameters such as pH and electrical conductivity (EC), often using high-cost
commercial systems, Domingues et al. (2012); Rouphael & Colla (2019); Untoro and
Hidayah (2022). Few works address the integration of multiple low-cost sensors into an
open-source supervisory system, especially one like ScadaBR, which enables remote,
web-based monitoring with accessibility for small and medium-sized producers. This
study contributes by imple-menting and evaluating such a system under real greenhouse
conditions, highlighting its scalability, affordability, and potential for democratizing
access to automation technologies in protected cultivation, Kurniasari et al. (2025).
Unlike most studies that focus only on pH and EC monitoring, this work integrates
multiple low-cost sensors into an open-source supervisory platform (ScadaBR), enabling
real-time web-based monitoring accessible to small and medium-scale producers.
Therefore, the objective of this study was to develop and evaluate a low-cost automation
system for hydroponic greenhouses, integrating multiple sensors with the open-source

ScadaBR platform. Based on this, it is hypothesized that the integration of low-cost
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sensors into an open-source supervisory platform (Arduino Mega 2560 + ScadaBR) can
ensure reliable real-time monitoring of hydroponic cultivation parameters (temperature,
humidity, luminosity, flow rate, and solution level), providing performance comparable to
commercial high-cost systems, while maintaining affordability and accessibility for small
and medium-sized producers. This combination of Arduino Mega 2560 and ScadaBR
represents a unique contribution, since most previous works relied on commercial
controllers or simulations, Penjor e al. (2022). By using a fully open-source and low-cost
platform, the present study expands automation accessibility for small and medium-scale
farmers, democratizing technologies that are often restricted to large-scale production.
This practical validation under tropical greenhouse conditions also distinguishes the
present work from most studies that remain at a simulation or laboratory stage.

MATERIALS AND METHODS

Figure 1 shows an overview of the applied approach, such as the Arduino Mega2560
development platform and the sensors, to monitor the operation of the greenhouse as
well as the actuators, which act to stabilize some variables of the process, the human-
computer interface developed with the software (ScadaBR), responsible for developing
all the online interfaces used in this work, and the procedures used above each stage.
To validate this hypothesis, the proposed system was implemented and tested under
real hydroponic greenhouse conditions, monitoring critical environmental and solution
parameters.

The project was carried out in a hydroponic greenhouse at the Federal University
of Reconcavo da Bahia-UFRB, located in the Trio-Elétrico residence on the Cruz das
Almas Campus, and data collection for system evaluation took place between June and
August 2019. The municipality is in the Recéncavo Baiano physiographic region, with
geographical coordinates of 12° 40’ 19” south latitude, 39° 06’ 23” west longitude from
Greenwich and an average altitude of 220 m. The local climate is subsumed, with an
average temperature of 24.1 °C and average rainfall of 1170 mm; Almeida & Ferreira
(2022); Fabiano and Borges-Filho (2024). The greenhouse is 48 m in size 2, with a 4 m
high roof and 3 m high sides with two roofs. It is covered by a transparent tarpaulin and
a 50% screen on all sides of the greenhouse. Inside, there are three growing benches:
The first growing level was 1m high at the head, 6m long with a 10% slope at the
end and containing 7 70 mm tubes spaced 20 cm apart; the second was 1.70 m high
at the head and had a 10% slope at the end with 5 0.70 m X 6 m tubes spaced 30
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Figure 1. Workflow diagram of the hydroponic monitoring and control system, showing data acquisition from
sensors, processing by the Arduino Mega 2560, communication with the ScadaBR supervisory system, and
actuation through pump and solenoid.
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cm apart. The two levels have the capacity to grow 480 coriander plants. For system
automation, the Arduino Mega 2560 platform was adopted, based on the ATmega2560
microcontroller, due to its versatility and multiple input/output ports, which make it
suitable for connecting several sensors and actuators simultaneously. The integration
between sensors, actuators, the microcontroller, and the supervisory interface is
illustrated, Soetedjo and Hendriarianti (2023).

To automate the project, hardware had to be built to monitor the meteorological
parameters of the greenhouse’s internal environment, such as temperature, humidity, and
light. As for the nutrient solution used in hydroponic cultivation, the temperature, reservoir
level, flow in the cultivation channels and a solenoid actuator to add water to the reservoir
when the level is low were evaluated. For online monitoring, a partnership was made with
the work of, where a SCADABR supervisory system was used in his work, which aimed
to develop a low-cost supervisory system. All the greenhouse’s parameters were monitored
using the operation and control system developed in ScadaBR. In addition, it gives the
user daily access to all the data recorded and the option of creating alarms if something
unexpected (out of the ordinary) happens in the system. It also allows the operator to access
it from any electronic device such as a desktop, notebook, tablet, or smartphone, if it has
internet access, Almeida and Ferreira (2022); Sulaiman et al. (2025).

In order to be able to access the monitoring, it was necessary to keep a fixed computer
in the hydroponic greenhouse, connected to the network 24 hours a day, so that it was
possible to receive the data from the TTL-RS485 connected to the Arduino board inside
the hydroponic greenhouse and transmit it via cable to a USB-RS485 serial converter
connected to the computer, through which the operator had access to the data and graphs,
which could also be accessed from another location via a telephone with the address
and password pre-defined in the system, Almeida and Ferreira (2022); Soetedjo and
Hendriarianti (2023).

DC Power Supply
SV/12V

DS18B20
Solution Temp.

DHT22
Air Temp fHumidity
LDR
Light Intensity

Ardui 2560
w“‘ﬁm%w} ——> TTL-RS485 Converter

Figure 2. Simplified scheme showing the interconnection between sensors, actuators, and the Arduino Mega
2560 microcontroller, with RS485 communication to the ScadaBR supervisory software.
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Sensors for data Collection

Determining which sensors would be used in the system was only possible after
studying how hydroponic cultivation works and the main parts needed for operation and
monitoring, Resh (2001). After this initial study, a bench with two cultivation levels was
separated inside the greenhouse to carry out the project with the following components:
two 90° side water level floats magnetic switch type, a DS18B20 temperature sensor, a
solenoid valve for water model A147B coil voltage 127v (NC- normally closed), flow sensor
water flow 1/2” model Yf-s201-301 min "', two rain sensors (detector) used as flow sensors,
a DHT?22 (humidity and temperature), a Smm photoresistor LDR, a 4-channel 5v relay
module, a TTL - RS485, USB- RS485 module, an Arduino Mega 2560 and two 5V DC
supplies.

Recirculation tank water level sensor

The sensor installed to monitor the water level is a horizontal magnetic type with a 90°
float. This mini float is an instrument used to monitor the water level in a box or similar.
The sensor does not report the amount of water in analog form, but whether water is
present in a certain position. It can be used in conjunction with another float, which, with

the help of a relay, will trigger a solenoid when the water level is lower than the second

Table 1. Sensors and actuators are used in the hydroponic monitoring and control system.

M F ion in th
Device Model/Type easurement . unction in the
range system
Water level float Magnetic, 90° side | Presence/absence Dete.cts hlgh/l.o "
switch VD (binary) - nutrient solution
P Y levels
Temperature Monitors
ratur .. . .
S:mf: " DS18B20 (digital) | —55 to 125 °C +0.5 °C nutrient solution
temperature
Monitors ambient
Humidity & temp. - . —40 to 125 °C; +0.5 °C; £2-5
sensor DHT22 (digital) 0-100% RH WRH temper.ature and
humidity
Flow sensor YF-S201 (Hall 130 T/min £10% Meaéures nutrient
effect) solution flow rate
Flow presence Rain sensors Presence/absence Dete.cts nutrient
. - solutions at each
Sensors (detectors) (binary) .
cultivation level
- - Measures
. LDR 5 mm Relative light o
Light sensor . . - - luminosity inside
photoresistor intensity
the greenhouse
. Al47B, 127V 0.2-8 kgf/ch Automatic refilling
Solenoid valve . - .
(NC) (operating) of the nutrient tank
Relay module 4-Channel, 5V Up to 10 A load - Controls solenoid
valve and pump
Real-time clock Timekeeping Pr0\71d6§ time/date
DS1302 . © - for logging and
(RTC) functions R
scheduling

Authorial
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float, as was done in the project, Sulaiman et al. (2025). A 220 Ohm resistor was used in
the graduated neutral density filter (GND) terminal and float 1 was connected to digital
port 03 and float 2 to port 07. The DS18B20 digital sensor was used to monitor nutrient
solution temperature (range —55 to 125 °C, accuracy *£0.5 °C). Flow was measured with
a YF-S201 Hall-effect sensor (range 1-30 L/min, *10% accuracy).

The sensor has 3 wires for connection to the system: red (vcc), black (GND) and
yellow (data). An important detail is the 4.7K pull-up resistor between VCC and the
data wire. Without it, the sensor will not be detected by the program, and it is connected
to digital port 11. The DS18B20 digital sensor was used to monitor nutrient solution
temperature (range —55 to 125 °C, accuracy +0.5 °C). A normally closed solenoid valve
(127 V,0.2-8 kgf/cmg) was used for automatic refilling of the nutrient tank. Flow rate was
measured with a YF-S201 Hall-effect sensor (range 1-30 L/min, accuracy *10%). Rain
sensors were repurposed as flow detectors to identify nutrient solution presence at each
cultivation level. Ambient temperature and humidity were monitored with a DH'T22
sensor (range —40 to 125 °C, x£0.5 °C; 0-100% RH, *2-5%), Sulaiman et al. (2025).
Light intensity was measured using a 5 mm LDR photoresistor, with resistance inversely
proportional to incident light. A 4-channel 5 V relay module was used to control the
solenoid and pump, supporting loads up to 10 A and electrically isolating the Arduino
from actuators. Communication between Arduino and ScadaBR was established using a
TTL to RS-485 converter with Modbus RT'U protocol, ensuring reliable long-distance

DC Power S
s5v/ uﬁwy
DsiEE20 \
Solution Temp. —
1) F T
————— e
T DH}H” d
Alr Tem umidy
e
-\"‘M..._
Arduino Moga 2560 —
‘ LDR (ATMega 2560)
Light Intenst Digital: D2, D3, D7, D8, D11
Ay Analog: AD-A3
Comm: TX1/RX1

(Controlled by D4, D7)

YF-5201
Flow Rate
(D2}

Rain Sensor 1
Flow Presence
(AO)

Figure 3. Expanded simplified electrical/signal scheme showing the interconnection between sensors,
actuators, Arduino Mega 2560 microcontroller (with main pins), and RS485 communication to the ScadaBR
supervisory software.
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data transmission. A DS1302 real-time clock (RTC) provided timekeeping functions
(hours, date, leap year adjustment) for data logging and scheduling, Kushawaha (2024);
Austria et al. (2023).

Firmwire Development

After assembling the hardware, an open-source code was developed within Arduino’s
own Integrated Development Environment (IDE). The environment allows you to group
together a set of step-by-step information about what you want to do using a computer
language, and then these programs, also known as sketches, are downloaded via a Universal
Serial Bus (USB) cable to the microcontroller (Arduino Mega2560), which is responsible for
reading the electrical pulses coming from the sensors, transforming them into a high-level
programming language (C and G+ +), processing the computer logic and transforming it
into graphic data that can be viewed on the screen by the ScadaBR software via the RS-
485 module.

Development and Interconnection of the System to Sensors and Actuators

The microcontroller programming stage was completed, containing the
implementation of all the sensors and actuators already mentioned, Austria et al. (2023).
The list with the “Pin out” and the positioning of each sensor and actuator has been
identified. In the following sections, the execution (hardware) of each component will be

reported step by step, as illustrated by the architecture.

Sensor Installation

During the installation of the sensor modules, the procedures described in this section
of the text were of great value, because as these sensors are easy to acquire and low cost,
it is necessary to take certain precautions with them. In this study, mechanical protection
was created using 75mm PVC pipes to prevent humidity, rain, and direct contact with the

sun’s rays from damaging the sensors.

Figure 4. Schematic (left) and real installation (right) showing the location of sensors and actuators in the
hydroponic bench system.
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Float and DS18B20 (Temperature)

The sensors (float and temperature) were mounted in the solution tank according to
the procedure below: In the solution tank with a capacity of 500 I, two level buoys were
mounted 20 cm apart to check and maintain the solution level, as this distance keeps
the level safe for the solution pump, and a DS18B20 temperature sensor to monitor the
temperature of this solution. At first, the cables had to be spliced due to the distance, and
they were placed in a 20 mm conduit pipe from the solution box to the control center inside
the greenhouse to protect and make the data collected more reliable.

All sensors and actuators were installed in the greenhouse with mechanical protection
to ensure measurement reliability and durability. Float switches and the DS18B20
temperature sensor were placed in the nutrient solution tank, with conduits protecting
cables from humidity, Azmi (2024). The solenoid valve and flow meter were protected
with PVC casings, while rain sensors (used as flow detectors at each cultivation level)
and the DHT?22 (temperature and humidity) received customized housing to minimize
the effect of direct sunlight and rain, Azmi (2024). The LDR was positioned inside
the acrylic control box, which provided sufficient protection without interfering with
light measurement. These precautions ensured long-term sensor performance under

greenhouse conditions.

Solution Tank
- Magnetic Floats (High/Low)
- DS18B20 (Solution Temp.)

= p
- Solenoid Valve

np output

Flowmeter
(after pump)

Nutrient solution flow

Level 2 (Upper bench) Level 1 (Lower bench)
- Rain Sensor (flow presence) - Rain Sensor (flow presence)

Figure 5. Layout of the hydroponic greenhouse bench showing the installation of sensors (DS18B20, DHT22,
LDR, rain sensors, flowmeter, magnetic floats) and actuators (pump and solenoid valve).
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TLL-RS-485 Human-Computer Interface

This session will show the screens (interfaces) created in ScadaBR, showing all the
greenhouse-operator interaction in real time and the benefits that this tool can provide.
The details of installation, software configuration and each screen are described step by
step in the work by. Firstly, to access the hydroponic greenhouse’s supervisory system,
the user must enter their login and password at the “localhost:8080/ScadaBR/” link. In
the software (ScadaBR), some screens were created for interaction with the user via the
web interface to visualize all the climate parameters with the operation of the hydroponic
greenhouse actuators in real time, with values updated every minute. The main screen
(Watch List menu) on entering the software contains information on all the variables present
in the project. The ScadaBR supervisory system allowed real-time monitoring of climate

parameters and actuators, with alarms and data logging accessible via web interface.

Alarm Screen

The alarm was developed to signal to the owner sensor readings that are outside the
parameters recommended for growing coriander in hydroponic conditions. Once the
alarm detects values outside the recommended range for the plant’s development or the
hydroponic system’s programmed operation, it will send an online signal to the mobile
device and light up a Red, Green, Blue (RGB) LED in the central monitoring box located
inside the greenhouse, remaining on until the sensors detect the ideal conditions pre-
established in the project. As there are several sensors taking readings, only one RGB LED
was installed as an alarm for all the sensors, so as not to fill the central box with LEDs by
placing one LED for each sensor. Once the RGB LED, which contains three colors, is lit
(Blue for the flow and solution presence sensors on both levels, Green for luminosity and
humidity, Red for the ambience and solution box temperature), the owner must access
the online page to identify in more detail which parameters are outside the recommended
range and take corrective action, Nikolov ¢t al. (2023).

The parameters used to light the LED were determined as follows: Humidity <30%,
luminosity <200, ambience and solution temperature >29 °C and flow meter together
with the other two solution presence sensors > 15 min without detecting nutrient solution.

Any measurement outside these ranges will cause the LED to remain on until it normalizes.

Signal LEDs

Its purpose is to signal adverse situations in the solution box. The green LED will light
up when it is full and as the solution level drops, the green LED will turn off and the red
LED will light up, signaling that the solution is at a level between the two floats installed
in the box. As soon as this level reaches the lower float, the next red LED will turn on,
indicating that the solenoid has been triggered to fill the box with water. The two red LEDs
will remain on until the water level reaches the upper float to turn them off and the green
LED will turn on again, Foster e al. (2010); Rajaseger (2023). At this stage, the aim of the
project was to monitor all the operating conditions of the hydroponic bench from a long
distance, giving the operator more freedom and convenience. To this end, interfaces were

created in the software to better meet the project’s proposal.
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RESULTS AND DISCUSSION
Flow Meter

The average flow rate measured was 4.7 Ljmin during each pump activation. This
value is consistent with recommended flow rates for leafy vegetable hydroponics, typically
ranging from 4 to 6 L/min to ensure uniform nutrient distribution, Resh (2001); Mwaniki et
al. (2024). The agreement with literature supports the hypothesis that low-cost flow sensors
can provide reliable measurements comparable to commercial monitoring systems. This
parameter is critical in hydroponic systems, as the solution pump acts as the system’s heart,
ensuring proper flow and pressure for nutrient distribution across the cultivation benches,
Kurniasari et al. (2025). The pump operated in 15-minute on/off cycles during the day,
and every two hours at night, consistent with best practices for energy efficiency and crop
physiology.

An important system feature was the alarm, which was triggered (blue LED and web
notification) when the pump failed to operate for more than 15 minutes. Prompt operator

intervention prevented crop loss, demonstrating the value of automated supervision,
Alselek et al. (2022); Kurniasari ¢t al. (2025).

Flow Presence Sensors

Rain sensors were used as tactile flow sensors at each cultivation level to detect the
presence of the nutrient solution, Sail (2024); Kurniasari et al. (2025). The system alarm
was programmed to activate if no flow was detected for more than 15 minutes, alerting the

operator to potential issues such as pressure drops or leaks.

Temperature and Humidity

Ambient temperature inside the greenhouse, measured by the DHT22 sensor, showed
minimums of 17 °C at night and maximums between 27 °C and 32 °C during late morning
and early afternoon, which are suitable for coriander cultivation. For temperatures above
29 °C, ared LED was triggered both locally and on the web interface, Nikolov ez al. (2023).

T L
Flow Rate Wilted cilantro &

Pump off period

9-Sep. 08:00 9-Sep. 12:00

Figure 6. Flow rate monitoring during a pump failure event (left), indicating irrigation interruption, and visual
evidence of cilantro wilting as a consequence (right).
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ScadaBR Supervisory Interface - Hydroponic System (Alarm Active)

Humidity (%): 40
Light (lux): 900

Solution Temp (°C): 29

Solenoid: ON

Figure 7. ScadaBR HMI screen during an alarm event, showing critical values (air temperature above 30 °C,
zero flow rate, low tank level), with pump OFTF and solenoid ON. The alarm status is highlighted as ACTIVE.

Flow rate monitoring with pump failure event

-#— Flow rate (Lfmin)
Pump failure period

L=

G
E
= 3p
E Pump fa_ilun-,\ detected
® Alarm triggered
S 2t
[
1t
ot

0 20 0 80 80 100 120
Time (minutes)

Figure 8. Temporal flow record (I/min) showing a pump failure event between 55 and 70 minutes, during
which the alarm was triggered.

Relative humidity remained above 50% throughout the monitoring period, favorable for
crop development and reducing excessive evapotranspiration. According to Rouphael
and Colla (2019), coriander and similar leafy crops show optimal growth between 18 and
30 °C with relative humidity above 50%. In this study, 92% of recorded values remained
within this recommended range, indicating adequate system sensitivity and control. These
findings reinforce the reliability of low-cost sensors for environmental monitoring in

greenhouses, Kushawaha (2024).

Solution Temperature
The temperature of the nutrient solution, monitored by the DS18B20 sensor, ranged
from 16 °C at night to 25 °C during the hottest periods of the day. This stability was
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aided by the solution tank being buried 20 cm underground and covered, minimizing

direct solar heating.

Solution Level

Two level sensors spaced 20 cm apart in the solution tank enabled reliable detection of
high and low water levels. When the solution dropped below the lower float, the system
automatically activated the solenoid to refill the tank, maintaining operational safety for
the pump and ensuring adequate solution supply, Uddin e al. (2022); Mwaniki ez al. (2024).
Nutrient consumption could be calculated based on the number of solenoid activations, as

each refill volume was known and logged by the ScadaBR system.

Luminosity

The LDR sensor provided data on light intensity, with highest levels observed between
9:00 and 14:00. This information can support future integration of artificial lighting or
shading strategies.

System Performance

The system enabled real-time visualization of all monitored parameters and status of
actuators via a web interface, including graphical trends. The alarm system, through RGB
LEDs and notifications, efficiently alerted the operator to abnormal conditions, minimizing
risks, Mwaniki et al. (2024). Despite minor hardware failures (a faulty RTC timer and
DHT?22 sensor, both replaced), the platform performed robustly, providing continuous
automated monitoring at low cost. In addition to qualitative observations, quantitative
assessment of system performance indicated that alarms were triggered within an average
of 40 seconds after sensor thresholds were exceeded. The overall uptime of the monitoring
platform was 97% during the test period, despite minor hardware replacements. These
metrics demonstrate that the developed system can achieve operational performance
comparable to higher-cost commercial platforms. Compared with previous works that
focused on a limited set of parameters such as pH and EC only (Domingues et al.. (2012);
Untoro and Hidayah (2022), the present system integrates six environmental and solution-
related variables into a single supervisory platform. This broader coverage improves crop
safety, since failures in temperature, luminosity, or solution flow can also be detected in real
time. This broader scope of monitoring demonstrates a higher degree of integration than
previously reported in literature, highlighting the novelty of combining environmental and

solution-related parameters in a unified low-cost platform.

System Reliability and Response

Real-time feedback and alarms significantly reduced risks associated with pump failure
or low nutrient solution levels. The operator could act promptly to prevent crop losses.
This highlights the importance of redundant sensors and clear alarm signals in critical
agricultural automation. While the rapid detection of pump failures and abnormal solution
levels provides strong evidence in favor of the hypothesis, occasional hardware malfunctions

(e.g., RT'C timer, humidity sensor) highlight potential vulnerabilities of relying solely on low-
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cost devices. This suggests that redundancy and sensor calibration protocols are necessary
to further improve long-term reliability, Domingues et al. (2012); Mwaniki et al. (2024).
Another innovative aspect is that, unlike many IoI-based prototypes reported only under
laboratory or simulated conditions, this system was tested under real greenhouse operation

with coriander, demonstrating practical feasibility in a tropical environment.

Environmental and Resource Management

Continuous monitoring of temperature, humidity, and solution parameters ensured
that the greenhouse environment remained within optimal conditions for coriander
growth. Automated actuation based on thresholds (such as activating solenoids or LEDs)
minimized the need for manual interventions, as supported by previous research, Costa
et al. (2012); Domingues et al. (2012). The logging of water consumption through solenoid
activations enabled precise calculation of nutrient needs, reducing waste and improving

sustainability.

Scalability and Adaptability

The open-source and low-cost design proved scalable and adaptable. With minor
modifications, the system can integrate additional sensors (pH, EC) or be applied to
other agricultural contexts, such as poultry or aquaculture farming. The modularity of
the platform and ease of web-based monitoring democratize access to advanced crop

automation for small and medium-sized producers, Almeida & Ferreira (2022).

Limitations and Future Prospects

While the system showed robust performance, timely maintenance of sensors is
required, and the software could benefit from more advanced analytics and decision-
making capabilities (e.g., predictive alerts, automated pH/EC control). Future expansion
may include mobile app notifications and integration with machine learning algorithms
for predictive crop management, Almeida & Ferreira (2022). This study demonstrates that
accessible automation platforms can significantly improve hydroponic crop management,
reduce labor requirements, and enhance system reliability. The results provide a solid
foundation for broader application and continued technological advancement in sustainable
agriculture. Another limitation is that the system was tested with coriander in one

greenhouse only; future studies should test scalability in different crops and environments.

CONCLUSIONS

The implementation of an automated monitoring and control system in a hydroponic
greenhouse demonstrated the potential to improve operational efficiency, data accessibility,
and crop management. By integrating low-cost sensors, open-source hardware (Arduino
Mega 2560), and ScadaBR supervisory software, it was possible to monitor temperature,
humidity, luminosity, flow rate, and solution level in real time, with responsive actuators
triggered when thresholds were exceeded. The system maintained nutrient solution flow at
an average of 4.7 L/min, kept solution temperature between 16 and 25 °C, and successtully

activated alarms in cases of pump malfunction and low tank levels. These results support
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the proposed hypothesis, showing that affordable automation solutions can provide reliable
data acquisition and supervision under real greenhouse conditions. In addition, the web-
based human-machine interface offered remote access and control, increasing operator
autonomy and optimizing labor use. A key contribution of this study lies in demonstrating
that a fully open-source, low-cost solution can achieve reliable monitoring and control
under real cultivation conditions, offering a practical alternative to high-cost commercial
systems. The originality of this study lies in the integration of multiple variables into an
open-source supervisory platform tested under real cultivation conditions, providing
empirical evidence that such systems can bridge the gap between academic prototypes and
practical agricultural adoption.

Although minor hardware issues (e.g., RT'C timer and humidity sensor malfunctions)
occurred, they did not compromise overall system functionality. However, these events
highlight the need for redundancy and calibration protocols when employing low-cost
devices. Moreover, since the study was limited to one crop and one greenhouse, the
conclusions should be considered within this experimental scope. Overall, the findings
indicate the feasibility of using open-source and low-cost supervisory systems for hydroponic
automation, particularly for small and medium-sized producers. Future research should
include long-term testing, integration of additional parameters such as pH and EC, and
evaluation across different crops and environments to strengthen evidence and confirm

scalability.
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ABSTRACT

Objective: To develop and characterize a fruit liqueur by upcycling mango cv. ‘baby Ataulfo’ (discarded fruit)
blended with Agave cupreata mezcal.

Design/methodology/approach: Two ripeness stages —physiological (PM) and consumption (CM)— were
evaluated. Mango concentrates (PM: 26 °Brix, 1:2 pulp:water; CM: 23 °Brix, 1:3 pulp:water) were blended
with mezcal. Physicochemical traits, proximate composition, and volatile compounds were determined by gas
chromatography. Shelf life was estimated at 35 °C through first-order color kinetics. A 5-point hedonic test
(n=79; 18-29 years) assessed sensory traits.

Results: CM showed higher T'SS (26.86 °Brix) and flavour index (FI=87.5) than PM (21.23 °Brix; FI=41.10).
Both complied with NOM-142-SSA1/SCFI-2014: methanol 200.66-206.41 mg 100 mL~" AA; acetaldehyde
11.57-12.56; furfural 1.75-2.29; higher alcohols 64.44-65.30; ABV 14.95-16.57% (v/v). LPM exhibited greater
color stability (k=2.60X107% day~'; t%4=266.59 days) than LMC (k=4.90X 10™%; t/=141.45 days). Sensory
analysis revealed significant differences (p<0.05): LPM scored higher in mouthfeel, sweetness, acidity,
aftertaste, and overall impression, while LMC was preferred for colour and odour.
Limitations/implications: The narrow panel age (18-29 years) and accelerated storage conditions limit
extrapolation. Nonetheless, the study illustrates a viable upcycling strategy with socio-economic benefits for
mango and mezcal producers.

Conclusions: Upcycling ‘baby Ataulfo’ into a mezcal-based liqueur is feasible, compliant with volatile-
compound regulations, and sensorially acceptable. The PM-based formulation (LPM) showed superior stability
and consumer acceptance, highlighting its industrial potential.

Keywords: mango liqueur; mezcal; volatile compounds; shelf-life.

INTRODUCTION
The mango cultivar (cv.) ‘Ataulfo’ is a fruit native
to Mexico, recognised for its high pulp
content (69%), with the peel representing
19% and the seed representing 8.5%
of its total weight. This fruit stands
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out for being an excellent source of vitamins A and C, as well as for its high sugar
content. Compared to other varieties, ‘Ataulfo’ mango has a longer shelf life and is highly
appreciated for its sensory characteristics: fleshy pulp, juicy texture, elongated shape
and an attractive yellow colour when ripe for consumption (Mendoza-Hernandez et al.,
2020; Rivas-Robles et al., 2024).

However, one of the main problems associated with this cultivar is the production of
small-sized fruits, known as ‘baby Ataulfo’ mangoes, whose weight is less than 118 grams.
This characteristic renders them unattractive to both domestic and international markets,
resulting in economic losses for producers. In addition, the proportion of these small fruits
tends to increase with each production cycle (Escalera-Mota et al., 2022; Herndndez-
Guerrero et al., 2015).

This problem originated in the 1980s. In the state of Chiapas, orchards that previously
produced up to 15 tons per hectare reduced their yield to only 5 tons per hectare. In the state
of Nayarit, losses ranging between 80% and 90% are reported due to this same incidence. In
that entity, adult trees older than 10 years present an incidence of 47%, in contrast to young
trees, whose affiction is only 1.7% (Herndndez-Guerrero et al., 2015; Gehrke Vélez, 2007).
In the state of Guerrero, particularly in the municipalities of the Costa Grande region, all
municipalities producing common mangoes have this problem, with an incidence of nearly
45%, which translates into significant losses (Garcia Osuna et al., 2002).

Mezcalis a distilled Mexican alcoholic beverage that has a Denomination of Origin (DO)
in nine states of the Republic, including the state of Guerrero, which has this designation
in full (Lépez, 2018). This beverage is made from the fermentation of sugars contained in
the cooked heads (pineapples) of the agave and is subsequently subjected to a distillation
process. However, mezcal faces serious problems, including the clandestine nature of much
of its production due to the lack of certification. This situation poses a significant health
risk, as many of these beverages originate from processes of dubious origin (Salinas-Garcia
et al., 2023). According to data from the Government of Mexico (2025), in the state of
Guerrero, more than 90 % of the annual mezcal production is marketed irregularly, with
high levels of volatile compounds that exceed the limits allowed by the official standard
(NOM-070-SCFI-2016).

The production of liqueurs from tropical fruits acquires commercial relevance when it is
proposed as an alternative for the use of fruits at risk of waste, allowing the transformation
of these resources into products with higher added value (Leonarski ¢t al., 2021; Pinto et
al., 2017). There is a growing trend in the development of new fruit-based liqueurs, driven
by the demand for minimally processed products. Today’s consumers are increasingly
demanding and show a clear preference for innovative beverages with low preservative
content that maintain the sensory characteristics typical of the raw material used in their
production (Petrovi¢ et al., 2021). Likewise, the market presents an inclination towards
products compatible with vegetarian lifestyles, which implies the exclusion of ingredients
of animal origin, such as dairy bases, in the formulation of alcoholic beverages (Pinto ez al.,
2022). Therefore, the objective of the following work is the elaboration and characterization
of a liqueur from mango cultivar ‘baby Ataulfo’ to mezcal as a strategy to take advantage

of a commercially wasted fruit. Its transformation into liquor allows for the rescue of this
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resource, giving it added value. Additionally, the sustainable use of agricultural resources
is encouraged. This can generate new economic opportunities for mango and mezcal-

producing communities.

MATERIALS AND METHODS
Biological material

For the present investigation, fruits of mango cv. ‘baby Ataulfo’ at two stages of maturity,
physiological (PM) and consumption (CM), were harvested in an orchard in the town of
San Jerénimo de Judrez, in the municipality of Benito Judrez, Guerrero, Mexico, with
the coordinates 17° 08’ 09” north latitude and 100° 28’ 08” west longitude and taken to
the laboratory. On the other hand, an artisanal mezcal made from Agave cupreata (Agave
papalote), with an alcohol content of 38% by volume, was used. The sample was obtained
in the town of Mazatldn, which belongs to the municipality of Chilpancingo de los Bravo,

located in the central region of the state of Guerrero. Its geographical coordinates are 17°
37’ 34” north latitude and 99° 27’ 53” west longitude.

Physical-chemical analysis

The morphology, colour and firmness of the fruits used for the preparation of the
liqueurs were evaluated, as well as total soluble solids (T'SS), total titratable acidity (TTA),
pH and flavour index (FI) according to the methodologies proposed by Maldonado-
Astudillo ez al. (2016) and Maldonado-Astudillo ez al. (2019).

For the determination of proximate chemical composition (PCA), the official methods
proposed by the Association of Official Analytical Chemists (AOAC, 1997) were used.
Moisture content was determined using AOAC 925.10, ash content by AOAC 923.03,
fat by AOAG 920.39, protein by AOAC 984.13, and carbohydrate was calculated by
difference.

Liquor formulation

Two concentrates were developed from mango with the two maturity grades: one for
consumption maturity (CM), with a pulp-water ratio of 1:3 and adjusted to 23 °Brix, and
another for physiological maturity (PM), with a ratio of 1:2 and 26 °Brix. Both concentrates
were supplemented with 10% citric acid and 5% sodium benzoate.

To prepare the final liquor in a one-liter presentation, 580 mL of the corresponding
concentrate and 420 mL of Agave cupreata mezcal (38% alc. vol.) were mixed, obtaining two

products: consumption maturity liquor (LMC) and physiological maturity liquor (LPM).

Determination of alcohol content and volatile components

After formulation, 250 mL of liquor from both formulations was collected at 20 °C
and transferred to a distillation flask with 100 mL of water and boiling beads. The system
was connected to a steam trap cooler. The distillate was collected in a volumetric flask
that had previously contained 20 mL of distilled water, which was kept in an ice bath. On
approaching the final volume, distillation was stopped, and the volumetric flask was topped

up with water until a temperature of 20 °C was reached. The mixture was homogenized
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and transferred to a graduated cylinder, and the alcohol strength was measured with an
alcoholmeter.

Samples were analyzed using a gas chromatograph (PerkinElmer model 8600) equipped
with an ionization detector. 1 4L of the sample was injected into the chromatograph. The
chromatographic column used was 4 m X 0.32 mm i.d. and was filled with Carbowax 1500
at 15% in Chromosorb W (80-100 mesh). The gas used in the mobile phase is Nitrogen at
a flow rate of 20 mL min~ ' as a carrier; the oven, injector, and detector temperatures were
maintained at 93, 150, and 200 °C, respectively. Variations resulting from the integration
of chromatographic peaks and the width of the data observation window were checked.
Once the optimal working conditions were established, each sample was analyzed. The
chromatographic peaks used in the analyses corresponded to the following individual
standards: acetaldehyde, methyl acetate, ethyl acetate, methanol, ethanol, sec-butanol
(2-butanol), n-propanol, iso-butanol (2-methyl-1-propanol), iso-amyl (3-methyl-1-butanol),
and n-amyl (1-pentanol). This methodology was proposed by de Oliveira et al. (2022) and
Reyes Galindo (2020).

Shelf life

The prepared formulations were analyzed for 30 days in a forced convection oven
(Luzeren model DHG-9070a, Bejjing, China) at a constant temperature of 35 °C.
During this time, colour changes (brightness) were evaluated using a spectrophotometer
(X-Rite Model Ci62 X-Rite Inc., Grandville, MI, USA) by measuring 10 mL of liquor

every three days. At the end of this period, reaction rate constants (k) were determined.
1

Finally, using first-order chemical kinetics to calculate the half-life (t(Q)), the time
required for half the initial concentration of a reagent to react, using a mathematical

model described below:

Sensory analysis

A hedonic scale was applied to 79 affective judges, selected based on the following
criteria: age between 18 and 29 years, habitual consumption of alcoholic beverages,
liking for mango and absence of allergies or medical conditions that would prevent their
participation. The two liquor formulations, LPM (543) and LMC (926), were evaluated
using a five-point scale, where five corresponds to “I like it a lot” and 1 to “I dislike it a lot™.
The attributes evaluated were colour, odour, mouthfeel, sweetness, acidity, aftertaste and

overall impression.

Statistical analysis

Physical, chemical, volatile compounds and sensory analyses were evaluated using
a Student’s t-test for two groups, with a significance level of p<0.05. The results were
expressed as the average of three replicates * standard deviation, using GraphPad Prism
version 9.4 statistical software.
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RESULTS

The liqueurs made with mango cv. ‘baby Ataulfo’ were well evaluated in sensory tests and
presented good physical and chemical properties, thanks to the quality of the fruit and the
differences in its maturity at the time of formulation. Despite its smaller size, the mango
showed a pulp rich in sugars, good firmness and a balanced flavour between sweetness
and acidity. These attributes, together with adequate processing, resulted in liqueurs with
pleasant organoleptic profiles. Both formulations (LPM & LMC) retained their sensory
qualities during their shelf life, with LPM standing out for its greater stability and overall
sensory preference, attributed to its firm texture, greater aromatic intensity and taste

balance.

Physical characterization of the fruit and pulp of mango cv. ‘baby Ataulfo’

Table 1 shows the morphometric and biomass analyses of mango cv. ‘baby Ataulfo’,
where significant differences in DL, weight, pulp proportion and firmness were observed
among the samples analyzed. This cultivar, smaller in size compared to its commercial
version, maintains a proportionality between DL, TD and total mass. The CM sample
shows a lower firmness, which translates into a softer flesh, while the PM sample shows
greater resistance to deformation and, therefore, a firmer texture. Significant differences
were also observed in flesh colour parameters, such as brightness, chromaticity and hue,
with a general tendency towards yellow tones. As maturity advances, these values decrease,
leaning towards more orange tones in CM.

Table 2 shows significant differences between the samples analyzed for T'TA, pH, TSS
and FI. Mango, rich in organic acids, presents a high concentration of citric acid, which
contributes to its acidity. In PM, higher T'TA and lower pH values are observed. Mango cv.
‘baby Ataulfo’ is characterized by its sweetness, which is reflected in its high TSS content.

Regarding the proximal chemical composition of the pulp, significant differences were
detected in moisture, ash and carbohydrates. These parameters are key to the nutritional
and sensory quality of the fruit. Moisture influences texture, juiciness and palatability; ash

content indicates the presence of minerals; and carbohydrate variation directly impacts

Table 1. Physical parameters mango cv. ‘baby Ataulfo’.

Variable PM CM P value
DL (mm) 63.4%1.2 67.6x1.04 0.0004*
TD (mm) 42.82+2.03 41.38+1.6 0.250
Weight (g) 58.6%5.5 70.6%2.1 0.025%
Pulp (g) 28.7+1.81 35.23+1.7 0.010%
Firmness (N) 9.6+0.07 5.7x0.1 <0.0001*
Brightness (L*) 37.20x1.7 31.98+0.5 <0.0001*
Chromaticity 41.12*1.5 39.08x2.0 0.0025*
°Hue 75.12+1.6 68.41+0.8 0.0011%*

PM: physiological maturity, CM: consumer maturity, DL: longitudinal diameter, TD:
transverse diameter. Average of three repetitions * standard deviation. A Student’s
t-test was performed (p<0.05). Significant differences are indicated by (¥).
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Table 2. Chemical parameters of mango pulp cv. ‘baby Ataulfo’.

Variable PM CM P value
TTA 0.51x0.05 0.30%0.02 0.0025%
pH (—) 3.54%0.03 3.87x0.03 0.0004*
TSS (*Brix) 21.23+0.05 26.86£0.05 <0.0001*
F1(—-) 41.10+4.07 87.5*5.74 0.0003%*
Moinsture (%) 75.68+0.4 77.09%+0.3 0.0132%
Ash (%) 0.86%0.09 0.66x0.0 0.0824%*
Ethereal extract (%) 0.28+0.01 0.46%+0.01 0.3844
Protein (%) 2.77%0.3 3.31+0.2 0.0792
Carbohydrates (%) 20.38+0.3 18.45+0.4 0.0055*

PM: physiological maturity, CM: consumer maturity, TTA: total titratable acidity (%
citric acid), pH: the potential of hydrogen, T'SS: total soluble solids, FI: flavour index
(T'SS/TTA). Average of three repetitions * standard deviation. A Student’s t-test was
performed (p<0.05). Significant differences are indicated by (¥).

flavour, especially sweetness, factors that may depend on the stage of maturity and growing

conditions.

Volatile components and shelflife in mango liquor from mango cv. ‘baby Ataulfo’

Table 3 shows significant differences in the concentrations of aldehyde and furfural.
The presence of these compounds, along with the higher alcohols, has an important
influence on the aromatic and taste profile of the liquor. These volatile compounds provide
distinctive sensory characteristics, and their concentration can vary according to various
factors, such as fruit ripeness, processing and storage conditions.

Likewise, shelflife was determined by colour kinetics based on the brightness parameter.
The rate constant (k) indicates that the LMC formulation exhibits higher degradation, as
its k value is 4.90E-03, whereas LPM shows a lower value of 2.60E-03. In terms of half-
life, the LPM formulation reaches 266.59 days, compared to 141.45 days for LMC. In
comparative terms, LPM has twice the shelf life: eight months versus four months for

LMC, counted from the date of manufacture. This period represents the time during

Table 3. Ethanol, methanol, aldehyde, furfural and higher alcohols in mango liqueurs.

Variable LPM LMC P value
Ethanol 16.57£0.0 14.95+0.0 Nd
Methanol 200.66+0.03 206.41%5.7 0.29
Aldehyde 12.56%0.2 11.57%0.04 0.033*
Furfural 2.29+0.02 1.75%0.02 0.001%*
Hig. Alc. 65.30%0.6 64.44*1.9 0.7

LPM: liquor physiological maturity, LMC: liquor maturity of consumption. Ethanol
(% Alc. Vol.). The results of methanol, aldehyde (acetaldehyde), furfural and Hig.
Alc.: higher alcohols are shown in mg 100 mL™! of anhydrous alcohol. Average of
three repetitions * standard deviation. A Student’s t-test was performed (p<0.05).

Significant differences are indicated by (*). Nd: not determined.
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which the liquor retains its organoleptic properties, such as colour, flavour, odour and
texture, as well as its physical and chemical stability, without undergoing alterations or
oxidation processes that compromise its suitability for consumption. To maintain product
stability, it is advisable to store it in sealed containers, shielded from direct sunlight, kept at
ambient temperature, and protected from abrupt temperature fluctuations.

Sensory analysis of mango liqueur cv. ‘baby Ataulfo’

The results of the hedonic scale (level of liking) in mango liqueurs are shown in Figure 1.
Significant differences were observed between these two samples in the attributes of colour,
odour, flavour, aftertaste and overall impression. Sample 543 (LPM) presented the best
acceptance in terms of mouthfeel, sweetness, acidity, flavour, and aftertaste and obtained
the best overall impresfromon from the judges. Sample 926 (LMC) showed the best level of
liking in the attributes of colour and odour attributed to the state of maturity with which it

was made.

DISCUSSION
Physical characterization of the fruit and pulp of mango cv. ‘baby Ataulfo’

The main problem for mango cv. ‘Ataulfo’ is the appearance of the so-called ‘baby Ataulfo’,
a phenomenon that has been present since the 1980s, affecting the central producing states,
including Chiapas, its place of origin (Gehrke Vélez, 2007). In Nayarit, losses reach 80-90%
of production, with a trend of increasing each season (Herndndez-Guerrero et al., 2015).

Fruit morphological analyses in this study reveal smaller dimensions in DL and TD
compared to the values reported by Maldonado-Astudillo e al. (2016), who recorded 119
mm for the longitudinal diameter and 80 mm for the transverse diameter for the standard
cv. ‘Ataulfo> mangos are grown in the Costa Grande of Guerrero.

According to NOM-188-SCFI-2012, mango cv. ‘baby Ataulfo’ should not exceed 118 g

in weight, and the fruits analyzed in this study are below that limit. In contrast Maldonado-
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Figure 1. Sensory analysis of mango liqueurs (level of liking).

Formulations: LPM (543) and LMC (926).
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Astudillo ez al. (2019) report an average weight of 387.8 g for commercially accepted
mangoes, which evidences a considerable difference. In addition, althoug SIAP (2024)
establishes an average of 69% pulp, the results obtained were lower, possibly due to the
orchard’s edaphic and climatic conditions.

Firmness is a key indicator of mango maturity and quality. As it matures, it decreases
due to the enzymatic degradation of polysaccharides, such as starch, pectins, cellulose, and
hemicellulose, which are essential for cell wall structure (Chomba ez al., 2025; Hor et al.,
2020). Previous studies by Maldonado-Astudillo e al. (2016, 2019) confirm that mangoes
at eating maturity (CGM) show lower firmness than those at physiological maturity (PM),
which reinforces the relationship between firmness and degree of ripening.

Colour is a fundamental sensory attribute in the perception of food since it directly
influences expectations about its flavour (Siller-Cepeda et al., 2009). In this study,
fruits at physiological maturity (PM) presented greater luminosity and chromaticity
compared to those at consumption maturity (CM); this is in agreement with Diop et al.
(2021), as mangoes advance in their ripening process, their luminosity decreases, giving
rise to more intense, but less bright colour. According to Maldonado-Astudillo et al.
(2016) mango cv. ‘Ataulfo’ reaches a hue angle of 88.7°, higher than the values observed
in this analysis for ‘baby Ataulfo’: 75.12° in PM and 68.41° in CM. This suggests that the
latter presents a less pure and more opaque yellow hue. As a climacteric fruit, mango
continues to ripen after harvest, resulting in a loss of brightness and the development
of yellow-orange hues, which is attributed to chlorophyll degradation and increased
carotenoids (Garcia Osuna et al., 2002; Lépez Garcia & Trejo Duran, 2015; Wei et al.,
2021). These changes make the colour a reliable visual indicator of fruit maturity and

quality.

Chemical characterization of mango pulp cv. ‘baby Ataulfo’

In the chemical analysis of the pulp, it was observed that fruits at physiological maturity
(PM) presented a higher concentration of total titratable acidity (I'TA). This parameter
decreases as mango ripening progresses, as organic acids are decomposed and transformed
into sugars during this process (Dieye et al., 2022). In contrast, the pH was higher in fruits
at consumption maturity (GCM), which is also associated with the advancement in the
maturity stage, as the increase in pH is typical of sweeter and less acidic fruits.

A similar pattern was observed for total soluble solids (T'SS), which increased with
fruit maturity (Quintero et al., 2013). In our analysis, T'SS values in CM were within the
range reported by Maldonado-Astudillo e al. (2019) for mango cv. ‘baby Ataulfo’, which
ranged from 25.6 to 33.5 °Brix. According to NMX-FF-058-SCFI-2006, the minimum
acceptable value for considering a quality mango is 8 °Brix, which is widely exceeded
in both maturity stages evaluated. Lépez Garcia & Trejo Duran (2015) explain that
the decrease in TTA in advanced ripening stages is due to the degradation of organic
acids, which are transformed into sugars, reflected in the increase of T'SS. This dynamic
directly influences the flavour index (FI), which results from the relationship between
sugars and acidity, and has a determining impact on the sensory perceptions of fruit
flavour and aroma (Bricefio et al., 2005). According to Soto et al. (2004), an FI higher
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than 50 is perceived as sweet, a value close to 50 is considered balanced and pleasant,
while an SI lower than 50 is interpreted as acidic. In this study, with these criteria, CM
is considered sweet, and PM is acidic.

The proximal chemical analysis (PCA) of the pulp of mango cv. ‘baby Ataulfo’ is
characterized by high water content, ranging from 75 to 78%, in agreement with Rivas-
Robles et al. (2020), who reported 77.2% for discarded mangoes. In contrast Maldonado-
Astudillo ez al. (2016) report higher moisture (82.4%) in standard-size mangoes. Regarding
ash and fat, our values were lower than those reported by Rivas-Robles et al. (2020), who
recorded 2.58 and 0.77%, respectively. However, the protein content was higher than that
reported by Pérez-Meza et al. (2024) in standard-size mangoes, who reported 0.34% in MF
and 0.6% in MC. These differences may be due to maturity, storage conditions and fruit
damage. Carbohydrates, after water, were the most abundant component, contributing
sweetness to the pulp (Rivas-Robles e al., 2024). In summary, the ‘baby Ataulfo> mango is
distinguished by its high moisture and carbohydrates, low-fat content, and moderate levels

of protein and ash.

Volatile components and shelf life in mango liquor from mango
cv. ‘baby Ataulfo’

The LPM and LMC liquor formulations comply with the limits established by NOM-
142-SSA1/SCFI-2014 or volatile compounds: methanol (<300 mg 100 mL_l), aldehydes
(=40 mg 100 mL ™", furfural (<5 mg 100 mL ") and higher alcohols (500 mg 100 mL ™).
Both products fall within these ranges, ensuring regulatory compliance. In comparison,
studies such as Giménez-Lépez et al. (2025) reported on mango liquors cv. ‘Tommy Atkins
reports 99.76 mg 100 mL ™" methanol and 0.3 mg 100 mL ™" furfural, but higher levels
of acetaldehyde (99.76 mg 100 mL ") and higher alcohols (529.25 mg 100 mL_l). Other
values for higher alcohols reported by de Oliveira et al. (2022) were 121.9 mg 100 mL ™" in
‘Kent’ and 112.3 mg 100 mL ™" in ‘Alphonso’, all higher than those obtained in this study. In
addition, both formulations comply with the range allowed by Mexican alcohol regulations
(13.5-55% alc. vol.), placing them within the category of beverages with a medium content
(6.1-20.0% alc. vol.). Compliance with these specifications is essential to ensure the quality
and safety of the final product.

The reaction rate constant (k) allows estimating the rate of thermal degradation: low
values indicate higher stability. According to Loypimai ez al. (2016), the LPM formulation
showed twice the stability of LMC. Feitosa et al. (2020) found that, among various fruit
liqueurs, guava liqueur was the most stable in terms of colour, while mango liqueur was the
least. This degradation is primarily associated with oxidation processes (Patras et al., 2010).
The higher stability of LPM is attributed to its lower water content, intermediate alcohol
content, and the use of preservatives and pH regulators. In addition, mango pulp provides
nutrients with antioxidant properties, such as carotenoids, flavonoids, polyphenols, and
tocopherols, whose concentration depends on the variety, maturity, climate, soil, and
postharvest handling (Corrales-Bernal et al., 2014). In particular, polyphenols, which are
more abundant at physiological maturity, are the predominant antioxidants (Li et al., 2014).

An extended shelf life offers logistical and commercial advantages, allowing the product
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to be stored for longer without compromising its safety or quality before consumption
(Ekmeiro Salvador & Arevalo Vera, 2023).

Sensory analysis of mango liqueurs prepared from cv. ‘baby Ataulfo’

Both the LPM and LMC formulations received high acceptance ratings from sensory
panellists, surpassing initial expectations. LPM achieved the highest scores in key sensory
attributes including sweetness, acidity, flavour, aftertaste, mouthfeel, and overall impression
indicating a well-balanced and appealing sensory profile. Conversely, the LMC formulation
was particularly appreciated for its visual and olfactory characteristics, especially colour
and aroma, which strongly influence consumers’ initial perceptions, as noted by Macedo et
al. (2021) and Silva et al. (2021).

The dominant fruity aroma of LMC, paired with its colour resembling that of
fresh mango, played a critical role in its favourable evaluation. Meanwhile, LPM was
distinguished by its equilibrium between sweetness and acidity, which made it especially
palatable. This finding supports the conclusions of Pina et al. (2018), who emphasize that
consumers prefer liqueurs with clearly defined fruit flavours and minimal alcoholic aroma.

Mouthfeel was another decisive factor in sensory preference. LPM was rated higher
in this dimension due to its thicker, more viscous consistency, resulting from a greater
concentration of mango pulp an observation consistent with Leite et al. (2019), who
underscore the role of texture in liqueur sensory evaluation.

Both formulations contained a moderate to low level of alcohol, a feature that, as
noted by Caroliny et al. (2020), improves consumer acceptance by reducing the intensity
of ethanol related sensations. Finally, while sensory evaluation is inherently subjective and
influenced by individual perception —as emphasized by Urdn (2022) the observed pattern
consistently reflected a strong preference for both LPM and LMC.

CONCLUSIONS

Mango cv. ‘baby Ataulfo’ has proven to be a suitable raw material for the production of
fruitliqueurs, asit complies with the established regulatory parameters. Both formulations
evaluated are within the permissible limits of volatile compounds and offer particular
sensory properties. The formulation made with physiologically mature fruit was the best
evaluated by the judges. This process facilitates the reintegration of otherwise discarded
fruit by assigning it functional utility and presenting a novel route for its inclusion in
value-added manufacturing chains. Similarly, mezcal —frequently lacking official
certification and marketed through informal means— finds in this proposal a practical
and structured use scenario. In addition, it incorporates a sustainability component by
using an undervalued resource, promoting its responsible use within a more efficient and

conscious production chain.
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ABSTRACT

Objective: The purpose of this systematic review was to identify and analyze studies evaluating the use of
agro-industrial by-products as alternative ingredients in farmed fish diets, synthesizing the evidence on their
impact on productive and nutritional performance, as well as contextualizing the temporal, geographic, and
multidisciplinary trends in this line of research.

Methodology: A systematic search of scientific databases (1999-2024) was conducted using terms related to
aquaculture and agro-industrial by-products. Of 1,015 articles identified, 32 met the inclusion criteria, which
required experimental studies in farmed fish. Information on species, by-product type, inclusion level, and
production parameters was extracted from each study.

Results: The temporal analysis showed sustained growth in the number of publications, with a notable increase
starting in 2013, reflecting a growing global interest in sustainable alternatives to fishmeal. Geographically,
Nigeria accounted for most of the studies, followed by Egypt, Mexico, and the United States. By-products were
classified into six categories: vegetables, terrestrial animals, fish, hydrolyzed meals, bioprocessed meals, and
microbial biomass. Ingredients such as brewery waste, poultry meal, and fish silage reported favorable results,
with FCR=<1.1 and SGR=3.5%. Bioprocessed meals and microbial additives showed consistent improvements
in digestibility and yield.

Limitations/Implications: Practical application depends on regional availability, the presence of
antinutritional factors, processing requirements, and producer acceptance, emphasizing the need for
comprehensive assessments that include economic, environmental, and health aspects.

Conclusions: The findings demonstrate that various agro-industrial by-products can partially or totally replace
fishmeal without compromising production performance, favoring the economic viability and sustainability of
aquaculture.

Keywords: sustainability, aquaculture nutrition, feed conversion, alternative ingredients, digestibility.
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INTRODUCTION

Aquaculture has become a fundamental pillar of global food security, offering a
sustainable alternative to the challenges posed by the overexploitation of wild fish stocks
and the impacts of climate change [1]. Over the last three decades, it has established
itself as the main driver of growth in fisheries and aquaculture production, with an
average annual increase of 5.0% between 2000 and 2021. This upward trend is expected
to continue in the coming decades, mainly due to advances in nutrition, management,
reproduction, and technological innovation in farmed species, all of which contribute
to their success and sustainability [2,3]. Nevertheless, aquaculture remains heavily
dependent on unsustainable resources. For more than 50 years, the industry has relied
on fishmeal (FM), a highly valued ingredient due to its exceptional nutritional profile.
FM contains 60-72% highly digestible protein with a complete essential amino acid
profile (notably lysine and methionine), 5-12% lipids rich in omega-3 fatty acids (EPA and
DHA), 3,000-4,000 kcal/kg of metabolizable energy, and a wide range of vitamins and
minerals, including bioavailable phosphorus critical for bone development and energy
metabolism [4,5]. Although FM is highly palatable and digestible (85-95%), its use raises
sustainability concerns due to reliance on small pelagic fisheries and high production
costs [6]. In response, the aquaculture sector has intensified the search for innovative
alternatives that ensure nutritional quality while reducing dependence on FM. Agro-
industrial by-products have emerged as a promising option, allowing for optimized raw
material use and promoting circular economy practices [7]. By-products are defined as
whole bodies or parts of plant and/or animal origin derived from food production and
processing for human consumption. Their generation is inevitable and difficult to modify
without affecting final product quality [8,9]. Globally, more than 1.3 billion tonnes of
by-products are produced annually, equivalent to 13.8% of all food production [10].
This enormous volume has profound environmental, economic, and social implications
[11]. If not properly managed, it not only increases disposal costs but can also generate
aesthetic problems and serious public health risks. In aquaculture, their incorporation
into formulated diets has been proposed as a sustainable and cost-effective alternative
[8]. Several sources of animal protein have been evaluated, including by-products from
the poultry and swine industries, aquaculture processing residues, and agricultural by-
products [12,13]. Such approaches contribute to reducing waste, recycling raw materials,
and improving the sustainability of feed production. Therefore, the main objective of this
study was to conduct a systematic review of the use of agro-industrial by-products as
alternative protein sources in diets for farmed fish, to identify the types of by-products
used, analyze their effects on production performance, and compare their effectiveness

with diets based on fishmeal.

MATERIALS AND METHODS

A systematic review of the scientific literature was conducted using the Scopus and
Web of Science databases, covering the period from 1999 to 2024. A combined search
string was applied in English and Spanish: (“By-products” OR “Subproductos”) AND

(“Aquaculture” OR “Acuicultura”). Only original research articles evaluating the use of
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agro-industrial by-products as ingredients in fish diets were included. Reviews, editorials,
book chapters, conference proceedings, duplicate records, and studies assessing alternative
ingredients not derived from by-products were excluded. The selection process was
carried out in three stages. First, titles, abstracts, and keywords were screened, identifying
491 potentially eligible publications. In the second stage, studies were excluded if the
experimental organisms were not fish or if diets contained more than four different by-
products. Finally, full-text articles were assessed, and only those reporting at least four
of the following five performance parameters were retained: initial weight, final weight,
specific growth rate (SGR), feed conversion ratio (FCR), and survival. Reporting of the
standard error was required as a criterion for statistical validity.

Data from the selected studies were compiled in an Excel spreadsheet, including type of
by-product used as an alternative protein source, fish species evaluated, inclusion level (%),
experimental duration (days), feeding frequency (times/day), and production performance

outcomes.

RESULTS AND DISCUSSION

A total of 1,015 articles were identified through the selected databases, with no
additional records retrieved from other sources. After applying all eligibility criteria, 32
articles were included in the systematic review (Figure 1). Figure 2 presents the distribution
of publications across scientific journals. Research on the use of agro-industrial by-
products as alternative ingredients in fish diets has been published in a wide variety of
specialized journals, reflecting the technical, productive, and multidisciplinary scope of the
field. Aquaculture was the leading journal, with four publications, followed by the Journal
of the World Aquaculture Society with three. Aquaculture Research, Global Advanced
Research Journal of Agricultural Science, and the Journal of Applied Aquaculture each
published two studies. The remaining journals contributed a single article, illustrating
thematic dispersion from aquaculture-focused outlets to those dedicated to animal science,
physiology, or agricultural sciences. The temporal evolution of publications is shown in
Figure 3, which depicts both annual (blue) and cumulative (red) outputs between 1999
and 2024. Overall, there was sustained growth in cumulative publications, although the
annual output remained relatively low and variable. During the first decade (1999-2009),
production was sporadic, with no more than two articles per year and several years without
records. From 2013 onwards, publication became more regular, with a modest increase
between 2013 and 2015 (up to three studies per year). The most pronounced cumulative
growth occurred between 2015 and 2022, when more than 60% of all identified studies
were published, suggesting a growing research interest in sustainable aquaculture diets. The
year 2020 marked a peak with three publications, followed by stabilization in subsequent
years. In 2024, output declined to a single publication, although the cumulative total
reached 32 articles. Figure 4 shows the geographical distribution of publications. While
there was moderate global dispersion, most studies originated from developing countries
with strong aquaculture activity and availability of agro-industrial by-products. Nigeria
led with five publications, highlighting the emphasis on local by-products to enhance

aquaculture sustainability.
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Figure 1. Flow chart of the study selection process for systematic review of animal protein sources as a substitute
for fishmeal in aquaculture diets.
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Figure 2. Scientific journals that have published research on the use of agro-industrial by-products as
alternative ingredients in fish diets.
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Figure 3. Annual (blue) and cumulative (red) evolution of the number of publications between 1999 and 2024
on the use of by-products in fish diets, compared to fishmeal-based diets.

Figure 4. Number of articles and countries that publish most on this topic.

Egypt followed with four studies, while Mexico and the United States each contributed
three, reflecting North America’s active role in evaluating protein alternatives. China,
despite its global leadership in aquaculture production, contributed only two studies, which
1s nevertheless notable. Other countries, including Brazil, the Philippines, Iran, Spain, and
Australia, published one article each, demonstrating a growing but still incipient global
diversification of research efforts. This distribution also reflects that the development
of alternative ingredients depends largely on the availability of local resources and the
production models implemented in each country. Figure 5 presents a word cloud of the
most frequent terms found in the studies included in this review, with “diet” and “protein”

being the most predominant.
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Figure 5. Word cloud of the most frequently occurring words in the studies included in the review.

The selected studies addressed the use of agro-industrial by-products as partial or
total substitutes for fishmeal in aquafeeds. These were grouped into six main categories:
vegetable by-products, terrestrial animal by-products, fishery by-products, hydrolyzed
meals, bioprocessed meals, and microbial biomass (Table 1). Overall, the evidence
indicates that a wide variety of by-products can be successfully integrated into aquaculture
formulations, if factors such as the target species, inclusion level, nutritional quality of
the by-product, and pre-processing method are appropriately considered. This diversity
of approaches highlights the growing interest in reducing dependence on fishmeal and
advancing toward more sustainable and cost-effective aquaculture production systems.
Among vegetable by-products, brewer’s waste has proven particularly effective in diets
for Oreochromis niloticus, allowing up to 50% of fishmeal protein to be replaced while
maintaining a feed conversion advantage (FCA) of 1.9 and 100% survival. In contrast,
by-products such as lemon peel exhibited limited efficacy, with a total conversion
efficiency (TCE) of only 0.2% and an FCA of 19.6. Regarding terrestrial animal by-
products, poultry by-product meal emerged as one of the most efficient alternatives,
enabling up to 100% replacement in species such as Morone chrysops X saxatilis and
Oreochromis niloticus without compromising growth performance or feed efficiency.

By-products from the aquaculture industry, presented as silages or hydrolyzed meals,
were also found to be effective. Silage from Pterygoplichthys multiradiatus in Oreochromis
niloticus achieved total conversion efficiency (TCE) of 4.0 and a feed conversion
advantage (FCA) of 1.7, while hydrolyzed meals, such as those from tuna by-products
or Lophius vomerinus, exhibited FCAs of 1.1 and 0.8, respectively, with high survival
rates. Bioprocessed meals treated with microorganisms, including Saccharomyces cerevisiae
and Lactobacillus casei, demonstrated notable improvements in both digestibility and
productive performance. In Lates calcarifer, a diet containing 75% bioprocessed poultry
by-product meal reached a TCE of 5.1 and an FCA of 1.1. Finally, the inclusion of
bacterial biomass, such as Rubrivivax gelatinosa, at low doses (0.5%) had a positive

functional effect in tilapia, yielding an FCA of 1.1.
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Other animal-derived meals, including blood meal, meat and bone meal, and feather
meal, also demonstrated favorable results, characterized by low FCA values (up to 0.8) and
high TCE (up to 3.5%).

This systematic review demonstrates the growing interest and potential of using by-
products as alternative ingredients in aquaculture diets, reflecting both economic and
environmental pressures to reduce reliance on fishmeal, one of the most expensive
and environmentally sensitive inputs in aquaculture [4]. The increasing number of
publications since 2013, particularly between 2015 and 2022, highlights a rising awareness
among researchers and producers of the need to adopt sustainable practices in line with
global circular economy goals. The geographical distribution of studies, with notable
contributions from developing countries such as Nigeria and Egypt, underscores the role
of locally available by-products in reducing production costs and supporting emerging
aquaculture systems. From a nutritional perspective, the efficacy of by-products is largely
determined by their origin, composition, processing method, and inclusion level [12].

Land animal by-products, particularly poultry by-product meal, consistently
demonstrate high efficiency and compatibility with the dietary requirements of carnivorous
and omnivorous fish, even at complete replacement levels [3]. However, their widespread
use may be constrained by regional availability, regulatory restrictions, or competition with
other livestock industries. Additionally, although the use of animal by-products supports
circular economy objectives, the environmental benefits may be limited if the source
originates from intensive poultry or pig production systems [1]. Vegetable by-products
offer advantages in terms of cost, accessibility, and environmental perception, but their
high fiber content, anti-nutritional factors, and limited essential amino acid profile can
restrict their use [5]. The poor performance of lemon peel, with an extremely high FCR
(19.6), illustrates the risks of incorporating ingredients without adequate evaluation of
digestibility, toxicity, or palatability [14].

Conversely, ingredients such as brewer’s waste demonstrate potential if inclusion levels
respect the physiological limits for protein utilization in fish [15]. Fishery by-products,
including silages and hydrolyzed meals, are highly compatible with fish digestive physiology
due to their provision of readily digestible peptides [16]. These results reinforce the value
of post-harvest processing for enhancing the utility of by-products, particularly in regions
with active fisheries. Nevertheless, logistical challenges such as cold storage requirements,
microbiological stability, and producer acceptance remain barriers to large-scale adoption
[17]. Emerging strategies, such as bioprocessed flours and microbial biomass, show
promise in improving digestibility, functional properties, and even nutraceutical value.
Fermentation with beneficial microorganisms enhances growth and feed conversion
efficiency, sometimes exceeding the performance of traditional fishmeal-based diets [18].
Moreover, bacterial biomass, such as Rubrivivax gelatinosa, offers the potential to deliver
bioactive compounds with immunostimulatory or antioxidant effects. However, these
approaches require further validation under commercial conditions and comprehensive
cost-benefit analyses before they can be widely implemented [19]. Overall, the evidence
suggests that a diversified approach combining animal, plant, fishery, and bioprocessed

by-products may offer the most viable strategy for sustainable aquaculture, balancing
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nutritional adequacy, economic feasibility, and environmental responsibility. Future
research should focus on optimizing inclusion levels, processing techniques, and functional
benefits while addressing logistical and regulatory constraints to facilitate the practical

adoption of these alternative ingredients.

CONCLUSION

In conclusion, the findings highlight a clear shift towards a more diversified and
sustainable aquaculture sector using by-products that have been underutilized in
recent decades. The successful adoption of these alternative ingredients will depend on
achieving a balance between technical feasibility, cost-effectiveness, supply stability, and
market acceptance. Advancing processing technologies, optimizing diet formulation, and
conducting comprehensive evaluations that consider not only production performance
but also environmental, health, and economic aspects will be crucial to fully realize the

potential of by-products in sustainable aquaculture.
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ABSTRACT

Objective: To evaluate genetic progress in grain yield and associated agronomic traits in forage triticale (X
Triticosecale Wittmack) cultivars developed by the Universidad Auténoma Agraria Antonio Narro (UAAAN)
between 1992 and 2022.

Design/Methodology/Approach: Seven winter-habit cultivars, classified as older, intermediate, and modern,
were evaluated at 19 locations in northern Mexico (2019-2023) for grain yield (GY) and at three locations
(2023-2024) for yield components (YC). A randomized complete block design with three replications was used.
Analysis of variance and linear regression were performed to estimate absolute and relative genetic gains.
Results: Significant differences were detected between release periods for GY and YC. Modern cultivars
obtained the highest average (6.105 t ha™ 1), with absolute genetic gains of 70 kg ha™! year_l and relative gains
of 2.1% year™ . A sustained increase in grains m”~ > and a reduction in plant height without affecting biomass
production were observed.

Limitations on study/Implications: The study focused solely on UAAAN winter cultivars under conditions
in northern Mexico. Extrapolation to other programs should be done with caution.

Findings/Conclusions: The UAAAN breeding program has achieved significant genetic advances in forage
triticale, combining increases in GY and YC with height reduction. The results provided key information for
strengthening the institutional program, with a focus on GY and productive stability, while maintaining forage
potential and adapting to current systems.

Keywords: triticale, genetic gain, grain yield, yield components, breeding.

INTRODUCTION

Triticale (X Triticosecale Wittmack), a synthetic hybrid derived from the cross between
wheat (Triticum spp.) and rye (Secale cereale), combines the high yield and grain quality of
wheat with the hardiness and tolerance to adverse conditions of rye (Mergoum et al., 2009).
Since its development, it has shown outstanding potential as a forage crop and, to a lesser

extent, as a grain source for animal and human consumption. Its adaptability to different
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agroclimatic conditions, efficient use of nitrogen, and high biomass production have
positioned it as a strategic alternative in regions with water and soil limitations (Varughese
et al., 1987; Plana et al., 2016).

In Mexico, the area planted with triticale has grown in forage production areas,
particularly in the Laguna Region, due to its ability to produce quality forage and seed at
relatively low costs. However, although genetic improvement of triticale in the country has
historically prioritized forage production, the demand for high-yield, high-quality seed has
increased the need to develop cultivars that optimize both production objectives.

The Universidad Auténoma Agraria, Antonio Narro (Mexico) UAAAN has promoted
the development of winter-habit forage cultivars, registering 10 cultivars between 1992
and 2022. Initially, these genotypes yielded more than 45 t ha™! of green matter but
with grain yields lower than 2.5 t ha™ ! In response, the breeding program incorporated
crosses with spring and facultative cultivars, increasing grain yield without sacrificing
forage potential. This approach is consistent with global trends in cereal breeding, which
seek to maximize harvest index and stability under different environments (Royo et al.,
2007; Fischer et al., 2014).

Estimating genetic gain from historical serie of cultivars is a key tool for evaluating
the effectiveness of breeding programs. This method, widely used in crops such as wheat,
maize, and rice, allows quantifying annual progress in yield and associated components,
separating genetic from environmental effects through statistical analyses such as linear
regression and mixed models (Valvo et al., 2018; Stoyanov & Baychev, 2023). In triticale,
studies on genetic gain are scarce, especially in forage production contexts. In this sense, the
present study had the following objectives: 1) to evaluate the genetic progress in grain yield
in a historical serie of seven winter-habit triticale forage cultivars released by the UAAAN
between 1992 and 2022, and 2) to determine the agronomic characteristics associated
with these changes in order to generate information that will contribute to guiding future
genetic improvement strategies for the crop.

MATERIALS AND METHODS
Genetic material

Seven forage cultivars of triticale with winter and intermediate-winter habits, developed
by UAAAN between 1992 and 2022, were evaluated. The cultivars were classified into
three release periods, Modern: AN330 and AN388 (2022); Intermediate: ANPELON,
ANG66, and AN184 (2014); and Older: AN31 and AN34 (1992).

Study locations

The experiments were conducted under irrigation in 19 production environments
located in northern Mexico (Aldama, Chihuahua; Miguel Auza, Zacatecas; Matamoros,
San Pedro de las Colonias; and La Soledad, Coahuila) during the 2019-2023 agricultural
cycles. For the evaluation of yield components, three representative locations in the Laguna
Region (Soledad, Campanario, and Centenario) were considered during the 2023-2024

autumn-winter cycle.
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Experimental design and agronomic management

A randomized complete block design with three replications was used. Experimental
plots consisted of five rows, each 5 m long, spaced 30 cm apart (7.5 m~? per plot), sown
at a seeding rate of 140 kg ha™'. Fertilization was applied in two stages: at planting and
during tillering, with a dose equivalent to 38-0-0 (N) plus 11-52-0 (P,O;). Phytosanitary
control consisted of preventative applications of fungicide against yellow rust (Puccinia
striiformis W.) and pre- and post-emergence herbicides. No significant pest problems

were recorded.

Variables evaluated

At physiological maturity, plant height (cm) was measured from the base of the stem to
the tip of the spike (without awns), as well as the number of spikes m~2 (NSM2). At harvest
maturity, the number of grains per spike (NGPS), the number of grains m™? (NGM2)
(calculated as NSM2 X NGPS), and the grain yield (GY), estimated after harvesting and

threshing a 5 m row and expressed in kg ha™ ! were quantified.

Estimated genetic gain

Absolute genetic gain (AGG, kg ha™! yr_l) and relative genetic gain (RGG, %
yro l) were calculated based on the differences between means for each release period,
divided by the number of years elapsed, following the methodology of Royo ¢t al.
(2007).

Statistical Analysis

A combined analysis of variance was performed for grain yield and yieldcomponents,
considering locations and release periods as fixed factors, and replicates nested within
locations as a random factor. Means were compared using the Tukey test (p=<0.05).

A simple linear regression analysis was also applied between the year of release and

the agronomic variables to estimate genetic progress. Analyses were performed using the
Statistical Analysis System (SAS) version 9.4 (SAS Institute, 2013).

RESULTS AND DISCUSSION
Grain Yield

The combined analysis of variance showed highly significant effects (p=<0.01)
of location, release period, and their interaction on grain yield, with a coefficient of
variation (CV) of 7.4% (Table 1), indicating high experimental precision. The variability
between locations confirms the strong influence of soil and climate factors on triticale
yield, consistent with reports for winter cereals (Cooper et al., 2022).

Modern cultivars (AN330 and AN388) recorded the highest average yield (6.105 t
ha_l), significantly outperforming intermediate (4.223 t ha_l) and older (3.914 t ha_l)
cultivars (Table 2). These increases are associated with improvements in components

such as the number of spikes per m?, grains per spike, and grain density, traits that have
been identified as key drivers of cereal yield (Fischer et al., 2014; Slafer ¢t al., 2015).
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Table 1. Mean squares and significance of the combined analysis of
variance between locations and release periods for the grain yield variable,

cycles 2019 to 2023.

SV DF Mean square (t ha™!)
Location 18 15.66 **
Location X Replication 38 0.56 **
RP 2 80.09 **
Location X RP 36 1.48 **
Error 76 0.12
CV (%) 7.4

SV=Source of variation; DF=Degrees of freedom; CV=_Coefficient of
variation; RP=Release periods. ** Significant at p<0.01.

Table 2. Results of the mean comparison test for the grain yield
variable for the release period factor.

Release period Cultivar Mean (tha™')

AN330

Modern 6.105 %
AN388
ANPELON

Intermediate ANG66 4.923"
AN184
ANS3I b

Older 3.914
AN34

Different letters indicate significant differences according to
Tukey’s multiple comparison test (p=<0.05).

Yield components

In the 2023-2024 crop cycle, modern cultivars had higher values of spikes per m™?
(464), grains per spike (61), and grains per m? (27,559), followed by intermediate and older
cultivars (Table 3). These differences reflect the effectiveness of genetic improvement in
increasing spike fertility and reproductive organ density, patterns also documented in
wheat and barley (Sadras & Slafer, 2012; Han et al., 2020).

Table 3. Results of the mean comparison test of yield components between release periods. 2022-2023 cycle.

. . NSM2 NGPS NGM2
Belease period Loz (Spikes m_2) (Grains spike_l) (Grains m_2)
AN330
Modern 464 * 61° 27559
AN388
ANPELON
Intermediate AN66 381" 49° 18773 "
AN184
AN31 , . \
Older 350 ¢ 49 € 15366
AN34

NSM2=Number of spikes m~?% NGPS=Number of grains per spike; NGM2=Number of grains m~%
Different letters indicate significant differences according to Tukey’s multiple comparison test (p=<0.05).
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The number of spikes m ™2 was mainly influenced by the location, demonstrating the
sensitivity of this trait to management and environmental factors, while the number of
grains per spike and grains m ™~ % were more consistent between locations, indicating greater

genetic stability (Table 4).

Plant height

Significant differences in plant height (Table 5) were detected between groups of
triticale cultivars (release periods), demonstrating a genetic shift toward more moderate
plant heights, consistent with trends reported for triticale and wheat (Trini ez al., 2021).

A progressive reduction in plant height was observed (Table 6) from the older cultivars
(128 cm) to the modern ones (113 c¢cm). This change is related to the incorporation of
dwarfing genes (RAt) and selection toward more compact phenotypes to reduce lodging
and improve the partitioning of assimilated nutrients into the grain, without affecting
forage potential (Reynolds et al., 2009; Velasco-Lépez et al., 2025).

Genetic Gain

Linear regression analysis between year of release and yield (Figure 1) indicated a
genetic gain of 70 to 236 kg ha™! year_l, depending on the comparison between the
periods, (R2=0.49). The components most associated with the increase were the number

Table 4. Results of the analysis of variance for the yield components of 7 triticale cultivars classified by
release periods, evaluated at three locations. Autumn-winter cycle 2023-2024.

- pr | M| oNers | News
(Spikes m™ %) (Grains spike ™ ) (Grains m™ °)
Location 2 16771.90 ** 11.37 9550836.50
Location X Replication 6 1399.40 25.21 * 3840150.90
RP 2 1133.40 ** 1351.21 ** 1542287771 **
Location X RP 4 2010 11.16 362370
Error 12 4981.20 5.63 19447541.60
CV (%) 6.30 5.60 9.50

SV =Source of variation; DF=Degrees of freedom; RP=Release periods; CV=Coefficient of variation;
NSM2=Number of spikes m~% NGPS=Number of grains per spike; NGM2=Number of grains m™ %
** Significant at p < 0.01.

Table 5. Results of the analysis of variance for the plant
height (PH) variable of triticale cultivars released by the
UAAAN between 1992 and 2023.

sV DF (1:2)
Release period 2 282.18 *
Replication 2 29.12
Error 4 12.14
CV (%) 2.8

SV=Source of variation; DF=Degrees of freedom;
CV=Coefficient of variation; * Significant at p=<0.05.
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Table 6. Results of the comparison of means between release

periods for the plant height (PH) variable.

Release period Cultivar PH (cm)

AN330

Modern 113 ¢
AN388
ANPELON

Intermediate ANG66 123 b
AN184
ANS31

Older 128 a
AN34

Different letters indicate significant differences according to
Tukey’s multiple comparison test (p=0.05).

6.8 AN330 6.8
<
64 6.4
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Figure 1. Relationships between the release period (1992-2022) of winter triticale cultivars developed by
UAAAN and grain yield.

of grains m~? (R2=0.62) and grains per spike (R2=O.6l) (Figure 2), confirming that the
increase in grain number has been the main driver of genetic progress in triticale, as is
the case with other small-grain cereals (Ferrante et al., 2013).

The decrease in height showed a negative relationship with the year of release (8= —7.02
cm year™ ), consistent with trends in cereal breeding aimed at improving stability and
reducing lodging losses.

Recent studies have reported that yield regression over the year of release is a practical
tool for quantifying the effectiveness of breeding schemes in cereals (Fischer ez al., 2014).

Tables 7 and 8 show the absolute genetic gain (AGG) and relative genetic gain (RGG) by
year in winter-habit triticale cultivars, evaluating key variables such as GY, NSM2, NGPS,
NGM2, and plant height (PH). Overall, a positive trend in genetic gains for yield and its
components was observed when comparing modern cultivars with older and intermediate
cultivars, which is consistent with current reports on genetic improvement in triticale and
other cereals.
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Figure 2. Relationships between the release period (1992-2022) of winter triticale cultivars developed by
UAAAN and: A) number of spikes m™?, B) number of grains per spike, C) number of grains m™?, D) plant

height.

Table 7. Absolute genetic gains per year for grain yield (GY) and its components of the cultivars under study
according to their release period.

Gy 1?1SM2 _2 NGI.’S N9M2 _2 PH
(ke ha-! e 1) (Spikes m (Grains (Grains m Gy 1)
-1 I S | -1
yr ) spike "yr ) yr )
Mus. O 70 3.80 0.60 499.60 —0.46
M uvs. Int 236.20 10.10 1.50 1832.60 —1.36
Intvs. O 9.50 1.50 0.27 14.80 —0.14

M vs. O=Modern vs. Older; M us. Int=Modern »s. Intermediate; Int vs. O=Intermediate vs. Older;
NSM2=Number of spikes m ™% NGPS=Number of grains per spike; NGM2=Number of grains m~2,

Table 8. Relative genetic gains (%) per year for grain yield (GY) and its components of the cultivars under
study according to their release period.

GY NSM2 NGPS NGM2 PH
Muws. O 2.10 2.50 2.30 1.60 =3.70
M os. Int 8.50 10.30 9.90 6.30 —13.60
Intvs. O 4.30 4.10 3.90 4.40 —4.60

M vs. O=Modern vs. Older; M vs. Int=Modern us. Intermediate; Int ss. O=Intermediate vs. Older;
NSM2=Number of spikes m ™% NGPS=Number of grains per spike; NGM2=Number of grains m™2,
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The comparison between modern and old cultivars (M vs. O) showed an increase in
AGG of 70 kgha™ ' yr~!in GY (Table 7), with an increase in RGG of 2.10% yr~ ' (Table 8).
These values are similar to those reported by Ferrante et al., (2017) in wheat, who observed
annual genetic improvements in yield between 1.80% and 2.50% under Mediterranean
climate conditions. Furthermore, the increase in NSM2 with 3.80 spikes m ™2 yr_l of
AGG and 2.50% of RGG; as well as NGPS with 0.60 grains spike_1 yr_1 of AGG and
2.30% of RGG suggests that the improvement has been effective in both the formation of
reproductive structures and fertility.

The comparison between modern and intermediate cultivars (M vs. Int) revealed even
higher gains, with a GY increase of 236.2 kg ha ™ yr_1 of AGG and a relative increase
of 8.5% yr_1 of RGG (Tables 7 and 8), indicating that recent generations of cultivars
have incorporated significant genetic advances. This observation is consistent with that
reported by Velasco-Loépez et al. (2025) in Mexico, who report that new triticale cultivars
show significant improvements in phenotypic and genetic parameters associated with
yield, thanks to assisted selection and the incorporation of materials adapted to specific
environments. On the other hand, plant height showed an AGG and RGG decrease in
all comparisons, with a reduction of up to —13.6% yr_1 in the case of modern versus
intermediate cultivars. This reduction in height is desirable from an agronomic viewpoint,
since shorter plants tend to be more resistant to lodging problems and promote better
resource utilization, as recent studies by Paccapelo et al. (2015) in triticale indicate.

Finally, genetic gains between intermediate and old cultivars (Int vs. O) were moderate
but positive, reflecting continued progress in genetic improvement over the years,
supported by the use of modern statistical and phenotypic tools to evaluate and select
superior genotypes (Fischer et al., 2014).

The above findings are consistent with those reported by Perry & D’Antuono (1989),
Royo et al., (2007) and Valvo et al., (2018) in wheat and Stoyanov & Baychev, (2023) in
triticale, who recorded linear increases in yield in response to genetic improvement over
time. Genetic gains in yield were also related to progress in yield components, such as
NGPS and NGM2 (Tables 7 and 8). This positive relationship between the aforementioned
traits explains the trend observed in Figure 1, given that yield is a complex and multigenic
trait, highly dependent on the components that affect it (Slafer et al., 2015).

The above results confirm that the implemented strategies have been effective in
increasing and improving yield potential by strengthening precision in the selection stage
(Reynolds et al., 2009; Rodriguez-Pérez et al., 2023).

The analysis of the historical series of winter-habit triticale forage cultivars released by
the UAAAN between 1992 and 2022 showed significant genetic progress in grain yield,
primarily associated with an increase in the number of grains per square meter and grains
per spike. The modern cultivars outperformed the older and intermediate cultivars by
more than 2 t ha™', with estimated annual genetic gains of up to 70 kg ha g reflecting the
effectiveness of the breeding program in optimizing yield without compromising forage
production. The progressive reduction in plant height helped minimize the risk of lodging
and improve the efficiency of biomass partitioning toward the grain, while maintaining

adequate forage production potential.
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CONCLUSIONS

Overall, these results demonstrate that the UAAAN triticale breeding program has
achieved significant advances in yield and stability, prioritizing key traits such as grain
density and height reduction, while maintaining its value as a forage crop. These results
confirm that the breeding applied at UAAAN has allowed the development of triticale
cultivars that are more productive, stable, and adapted to the conditions of northern

Mexico, strengthening its role as a strategic crop in dual-purpose production systems.
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Abstract

Objective: Analyze the Pacific hake (Merluccius productus) fishery in the northern Gulf of California from 2010
to 2021 to evaluate fleet performance, profitability, and implications for a quota system.
Design/methodology/approach: Information on fleet composition, fishing effort, catch efficiency, and
economic indicators was analyzed for small and large vessels. Net cash flow, cost-benefit ratio, and return on
investment were calculated. A break-even analysis was conducted to estimate the minimum harvest required
to sustain fleet operations.

Results: Small vessels were more numerous and active, while large vessels showed 1.5 times higher efficiency.
Average catch per vessel rose from 30 t in 2010 to 108 t in 2021, and CPUE in large vessels increased from
2 t/d to 6 t/d. In 2021, small vessels recorded negative returns (net cash flow: —MX$176,604; C/B=0.90;
ROI=-10%), while large vessels achieved positive outcomes (MX$337,735; C/B=1.13; ROI=12%). Break-
even analysis indicated that sustaining half the fleet required 7,798 t, equal to 75% of the proposed TAC.
Limitations/Implications: Market price variability and environmental fluctuations may affect results beyond
the study period.

Findings/Conclusions: Quota systems must consider efficiency disparities. Implementing quotas, monitoring,
and stakeholder participation is essential to prevent overfishing and ensure sustainability.

Keywords: Economic performance, cost-benefit ratio, return of investment, Gulf of California, fisheries
management.

INTRODUCTION

Excess fishing capacity, generated by increased fishing effort or technological
improvements in fleets, has been recognized as one of the factors threatening fishery
sustainability, with ecological, economic, and social consequences (FAO, 2022; Zhang et al.,
2018; Pascoe et al., 2012; Coll et al., 2008). Economically, excess fishing capacity within a
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fishery increases production costs, affects the prices of landed products, and reduces fishing
economic benefits (Pascoe et al., 2012; Arnason, 2005; Hatcher et al., 2005), as fishers
increase fishing effort or adopt technological improvements (e.g., number of trips, fishing
days, number and size of fishing gears, effective fishing hours) to achieve economically
profitable extraction levels (Zhang et al., 2018; Sumaila ez al., 2012; Whitmarsh et al.,
2000).

To achieve biologically sustainable and economically efficient fisheries, it is necessary
to regulate excess fishing capacity (FAO, 2022). For this purpose, different countries have
implemented management systems based on catch quotas (QQ), which can be total (TAC) or
individual vessel quotas (IVQ), with or without transferability (Zhang et al., 2018; Pascoe et
al., 2012; Hatcher et al., 2005; Arnason, 2005). Although quota systems have the potential
to generate economic rent, eliminate the “race to fish,” and improve fishery management,
their implementation and effectiveness depend on the capacities of governmental fishery
managers, fisher participation, and the availability of data monitoring and enforce quota
compliance, as well as to estimate biological and economic indicators regarding the status
of the target resource and the fishing fleet involved (Arnason, 2005, 2007; Hatcher et al.,
2005; Whitmarsh ez al., 2000).

In principle, the total allowable catch (TAC) establishes limits on the amount of a given
species that can be harvested, aiming to prevent overexploitation. However, suppose the
fleet grows excessively or becomes technologically more efficient. In that case, technological
and eco-technological externalities could rise, potentially increasing the pressure on the
resource, and leading to effects such as the “race to fish,” where vessels aim to catch the
maximum number of fish in the shortest time before the TAC is exhausted (Pascoe et al.,
2012). This primarily occurs in systems where quotas are allocated to the entire fleet rather
than to individual vessels (Arnason, 2007; Hatcher et al., 2005). Beyond its impact on the
resource, this modification affects potential vessel revenues and profitability (Birkenbach ez
al., 2017; Grimm et al., 2012; Asche et al., 2009).

The profitability of fishing vessels is influenced by catch quotas, operational efficiency,
and conservation policies (Zhang et al., 2018; Pascoe et al., 2012). Fishery management
that balances resource sustainability with the economic viability of fleets is essential to
secure the future of the fishing sector in emerging economies. This requires analyzing
the economic performance of fleets or individual vessels to evaluate whether they can
operate profitably and sustainably over time, considering revenues, costs, investments,
and regulatory policies in accordance with vessel characteristics, fishing systems, and the
spatial-temporal distribution of the fishing effort applied (Anderson & Seijo, 2010).

This is the case for the Pacific hake fishery (Merluccius productus), which is conducted
in the northern Gulf of California, Mexico (Figure 1). The National Fisheries Charter
(CNP) indicates that this fishery is still developing and requires management actions to
maintain the resource at biologically sustainable and economically profitable levels for
fishers (SADER, 2022).

Therefore, some researchers (Zamora-Garcia et al., 2013; Zamora-Garcia & Stavrinaky
Sudrez, 2018) have proposed establishing a TAC based on a percentage of the total
estimated biomass for each season in the Pacific hake fishery (SADER, 2022), with the
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Figure 1. Distribution of the PHF operations in the Gulf of California. (Adapted from Parra-Alaniz & Ramirez-
Rodriguez, 2022).

possibility of implementing individual vessel quotas (IVQs) as a means of respecting the
TAC. This could ensure profitable vessel operations; however, the information required for
a more in-depth analysis is currently insufficient (Ramirez-Rodriguez, 2017).

The CNP provides a summary of information on the status of fishery resources in
Mexico, including species-specific data and management recommendations. This
document reports that from 2006 to 2014, Pacific hake catches followed a positive trend,
reaching 10,800 tonnes in 2014, and remained steady until 2016. Subsequently, and up to
2020, the trend reversed, reaching a minimum of 2,700 tonnes (SADER, 2022).

This study examines the economic performance of the Pacific hake fleet (PHF) in the
northern Gulf of California to estimate economic indicators by vessel type and assess possible
changes in fleet/vessel profitability. The analysis also aims to estimate the minimum catch
required to generate economic benefits and its implications for managing policies, such as

implementing an individual vessel quota system.

MATERIALES Y METODOS

The methodology employed to analyze the PHF was conducted as follows: 1) technical
and productive elements of the fleet through analysis of catch trends, 2) costs and revenues
structures updating by vessel type according to the Representative Production Unit (URP)
method, and 3) application of break-even analysis to determine the minimum catch level
required to cover operational and management costs for a URP for small and large vessels.
To characterize the performance of the PHF, data from vessel landing notices reporting
Pacific hake catches from 2010 to 2021 were analyzed at the offices of the National
Commission of Aquaculture and Fisheries (CONAPESCA). These data include departure
and arrival dates, landing port, vessel name, national registry code, number of fishing days,
and landed weight (in kilograms).

Additionally, based on vessel characteristics, a classification label was assigned to

categorize vessels as small or large. This classification followed the proposal by Parra-
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Alaniz and Ramirez-Rodriguez (2022), considering attributes related to vessel size and
cargo capacity.

The characterization of production trends by season and vessel type included the
number of vessels, the average number of trips per vessel, the average duration of a fishing
trip (in days), the total catch (in tons), the average catch per vessel (in tons), and the catch

per day per vessel (in tons). The average catch by vessel type was estimated as follows:
Cavg = CTot | NTv (1)

Where C7ot is the total catch by vessel type per season, and N7v is the total number of

vessels per type per season.

To evaluate whether the performance of small and large vessels differed significantly
across fishing seasons, a Kruskal-Wallis test was applied to eight vessel performance
indicators: total number of vessels, number of trips, fishing days per trip, number of trips
per vessel, total catch by vessel type, catch per vessel, catch per trip, and catch per day. The
analysis was conducted using version 8.9.1 of the Real Statistics Resource Pack software
(Zaiontz, 2023).

Cost structure and prices of landed products

For the profitability analysis, data for the cost structure were obtained based on the
characterization and evaluation of a Representative Production Unit (URP) (Richardson
& Nixon, 1985) during the 2013 fishing season (Ramirez-Rodriguez & Almendarez-
Hernédndez, 2014). Cost structure data were updated for vessels operating in the 2021
season, considering two URPs: one representing a small vessel and another representing a
large vessel. All values are expressed in Mexican pesos (MXN).

Following the recommendations of Georgianna et al. (2001) and Tietze et al. (2005), the
cost structure was divided into two sections: 1) Fixed costs (do not vary with production
level), associated with vessel maintenance and URP administration, e.g., office expenses
and fishery services. 2) Variable costs (vary with production level), generally recognized as
operating costs, such as fuel, deck supplies, and crew wages.

Fixed costs were divided into administrative and maintenance expenses. Administrative
costs of the URPs include those related to office operations and fishing services. Office
expenses include salaries and social security contributions for employees, vehicle ownership
taxes, insurance, maintenance and fuel for cars, telephone and internet services, water,
electricity, and office supplies. Fishing services include third-party vessel insurance,
membership fees to the National Chamber of Fisheries and Aquaculture Industries, fishing
permits, dispatch fees, maritime safety training, fire extinguishers, fumigation services, and
waste management.

The administrative structure is the same for both URPs. Each has an office statfed
by the owner, a secretary, a driver, and an assistant. For mobility and product transport,
they operate two vehicles. Administrative expenses include salaries, permits, insurance,

and accounting services. Fishing permits are paid annually and renewed every four years
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(Ramirez-Rodriguez & Almendarez-Hernandez, 2014). Vessel insurance only covers third-
party damages; vessels are not insured against partial or total loss. Although the vessels
remain operational, due to their age (over 24 years), they were considered fully depreciated.
Fishing activity in Mexico is not eligible for credit from commercial or development banks.

The maintenance cost of a vessel participating in the hake fishery (Ramirez-Rodriguez
& Almendarez-Hernandez, 2014) was calculated proportionally to the Pacific hake fishing
season. Maintenance items included payments to shipyards, hull repairs, propellers, zinc
plates, engines, winches, hake nets, boards, refrigeration systems, navigation equipment,
welding, and vessel fumigation. Vessel and fishing gear maintenance costs were considered
equal for both types of vessels.

Variable costs include those associated with vessel operations, such as fuel, crew wages,
deck and engine supplies, and landing services. Since 90% of hake fishing trips are carried
out mainly between January and March of each season, the fixed costs defined in the 2013
URP (Ramirez-Rodriguez & Almendarez-Hernandez, 2014) were proportionally adjusted
to the hake fishery, considering only three months of activity.

Total costs were calculated by considering the differences in average catch, the number
of trips, and the duration of fishing days. Administrative and maintenance costs for the
2021 season were then added. Total costs (T'C) per vessel type were estimated as follows:

TC = ACk + Sk + MCk + TPCk + Dk 2)

Where ACk is the administrative cost (k=1 office costs; k=2 fishing services), Sk is the
fishermen’s and captains’ wages (k=1, fishermen’s salary; k=2, captain’s salary), MCk is the
maintenance and fishing gear costs (k=1, shipyard; k=2, repairs; k=3, fishing gear; k=4,
refrigeration; k=5, navigation equipment; k=6, fumigation), 7PCk is the trip provisioning
costs (k=1, fishing materials; £=2, food; k=3, oil; k=4, spare parts; k=5, tools; k=6,

landing and ice costs), and Dk is the diesel cost per trip.

Cost Structure Updating

To update the values of the production cost structure and prices per kilogram of hake,
the Producer Price Index (PPI) and the Consumer Price Index (CPI) for the fisheries sector
were used as adjustment factors. These indices measure the variation in prices for a fixed
basket of goods and services, which is representative of a Mexican fishery production unit
over time, using the second semester of 2019 as the basis for the index for calculation
(INEGI, 2024).

The values for each cost structure component were updated to 2021 by adding the
annual inflationary increase from its 2013 reference value, as follows:

VE

cost

=V0,,, *(1+Vi INPP of the yeart) (3)

VE

price

=V0,,.,, *(1+Vi INPC of the yeart) 4)

Where, VE

cost

is the updated cost value, VE, . is the updated price value.

Tice
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Where, V0, ,is the observed value for the cost structure, VO, . is the observed value of the

price

price, Vi, . and Vi, is the inflationary value of the index.
Wprice = ([NPPymri - INPPsteymr) / [NPPbaseyear (5)
Wcost = (INPCyeari - [NPCbase year) / ]NPCbase year <6)
Revenues

The value of landed catch (VLC) by vessel type is used as a proxy for income (I). This
indicator was estimated by multiplying the average catch by vessel type by the market price
per ton of hake as follows:

I =VLC = Cavg * Pi (7)

Where Cavg is the average catch by vessel type in year 4, and Pi is the price of hake per

kilogram in Mexican pesos in year 7.

Economic profitability and break-even point

To evaluate the profitability of the URPs for small and large vessels, three economic
indicators were used, based on their income and cost. The first indicator was the Net
Cash Benefit before Taxes (NCB), which measures the URP’s capacity to generate profits
during a fishing season. This indicator is obtained by subtracting total costs (T'C) from total
income (TT). The greater the positive difference between income and costs, the greater the

URP’s capacity to generate economic benefits from catches. The formula used was:
NCB = Total Revenue — Total cosis(IT — CT') (8)

The second indicator was the Return on Investment (ROI), which assesses the URP’s
capacity to generate profits from the investment made during a fishing season (Tietze
et al., 2005). The higher the ROI, the more profitable the fishery. For this calculation,
investment was considered as the total expenditure required to ensure vessel functioning,

fishing operations, and URP administration. The formula used was:
ROI = (Net Profit — Investment Made | Investment Made) X100 9)

Where ROI is the return on investment, and the Investment Made is assumed to be the total
Costs (TC).

The third indicator used was the Benefit-Cost Ratio (BCR). This indicator compares
the total net benefits generated by the URP with the total costs incurred during a fishing
season (Herndndez-Trejo et al., 2014). If BCR> 1, it indicates that the net benefits obtained
from catches exceed total costs, making the project economically viable. A BCR equal to
1 indicates that benefits equal costs, meaning there is no net gain, but the project covers
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its own expenses. Conversely, if BOR<1, it indicates that total costs exceed the economic

benefits, making hake fishing unprofitable. The formula used was:
BCR=(TR|TC) (10)

Break-Even Analysis

The break-even analysis was used to project the minimum catch level of small and large
vessels, at the expected price, required to cover both variable costs and fixed costs during
the 2021 hake fishing season. This method has been applied for demersal fisheries to assess
the effect of changes in fishing operations on equilibrium catch levels (Georgianna et al.,
2011).

Based on the identified cost structure, the average catch per vessel type (Cavg)
and the unit price (Pi, price per ton) were considered. The individual variable cost
(UVC =TVC | Cavg) and the individual fixed cost (UFC =TFC |Cavg) per ton of hake
were calculated as indicators to estimate the equilibrium catch for both small and large
vessels URP, as follows:

0=T1FC |(Pi—UVC)

Where Q is the break-even catch (in tons), 7FC is the Total fixed costs (in MXN), P is the
price per ton of hake (MXN), and UVC is the variable cost per ton (MXN). This calculation
enables the determination of the minimum catch required for a vessel (or URP) to cover
both variable and fixed costs, thereby ensuring the economic sustainability of the fishery.

Finally, based on the latest estimate of Pacific hake biomass in the northern Gulf of
California (INAPESCA, 2014), the catch identified to maintain the operation of small boats
in economic equilibrium and assuming differences in the number of vessels participating
in the same season, we calculate whether the break-even point defined as IVQ) does not
exceed the TAC and would allow an increase in economic benefits (ROI) for both types of

vessels if they maintained their cost and price structure.

RESULTADOS AND DISCUSSION
Fleet performance

During the analyzed period, fleet landings and catch per vessel have exhibited marked
variations across fishing seasons. Initially, from 2010 to 2012, catches increased from 903
t to 2,373 t. Between 2013 and 2016, catches rose further, averaging 5,463 t per season,
reaching their maximum in 2014 with 6,582 t. From 2017 onwards, landings declined by
43% compared to the average of the previous period. By the first year of the millennium, the
trend had shifted to a positive, reaching 4,973 tons (Figure 2a). Regarding catch per vessel,
Figure 2b displays the same pattern as landings for the 2010-2021 period. An increase from
2010 to 2012. Five years later, catch per vessel remains almost steady, averaging 86 tons/
vessel, with a peak in 2014. By 2020, there is a marked decrease, followed by a sudden rise
in 2021.
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Figure 2. Gulf of California FPM production indicators. a) Total catch by season; b) Total catch per vessel by season; ¢) Number
of vessels per season; d) Catch by vessel type. *sv=small vessel; lv=large vessel.

The fleet is made up of small and large boats. Small vessels are relatively old (average
age of 48 years), with an average net tonnage of 45 tons and a storage capacity of 17 tons,
an average length of 20.8 meters, and an average engine power of 400 HP. In contrast,
large vessels are not so old (average age of 42 years), with higher net tonnage (64 t) and an
average storage capacity of 32 tons, greater length (22.3 m), and more powerful engines
(508 HP).

A total of 150 different vessels participated in the PHI; however, the total number of
vessels varied per season. From 2010 to 2016, the fleet size expanded from 30 to 71 vessels.
Furthermore, the fleet has gradually decreased in the number of vessels, from 65 in 2017
to 42 in 2021 (Figure 2c¢). Although large vessels generally performed better than small
vessels, the Kruskal-Wallis test revealed no significant differences in catch per vessel per
season (p<0.39) (Figure 2d). However, from 2018 to 2021, catches increased to 104 tonnes
for small vessels and 144 tonnes for large vessels. The average monthly catch per season
of small boats (643 t) was significantly higher (p>0.026) compared to large boats (408 t)
across all seasons (Figure 2d).

The number of fishing trips during the analyzed period for small vessels and large
vessels did not show significant differences (p>0.057). Meanwhile, the trend in the number
of trips per month per season from 2010 to 2017 for small boats and large boats increased
significantly (p>0.017). Both URPs reached their maximum records in 2016 with 61 and
31 trips, respectively. From 2018 to 2019, the number of trips decreased significantly in
both cases. However, from 2020 to 2021, the trend reversed, with 41 trips per month for
small boats and 24 for large ones (Figure 3a).

Regarding the number of vessels per month in the PHF, an average of eight small and
five large vessels has been incurred in the PHF from 2010 to 2021. From 2013 to 2017, the
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monthly increase in vessels was significant (p>0.00). In 2018, the number decreased to 14
small and seven large vessels; the number of small vessels remained unchanged until the
end of the period, while the number of large vessels increased by 2 (Figure 3b).

Small vessels carry out more trips and are more numerous than large vessels. The
average number of trips per season per vessel showed no significant differences for the
2010-2021 period (p<0.150), despite changes in the average number of fishing trips per
season per vessel (Figure 3c).

The average catches per vessel show no significant difference (p=0.474). However,
from 2010 to 2017, catches per vessel increased significantly (p=0.022). For the period
from 2018 to 2019, catches per vessel for both types decreased, and in 2021, average
catches by vessel type increased (Figure 4a). Catches per trip (t/v) for vessels improved
significantly (p=0.022) in line with the increase in fleet size and trip length (Figure
4b). The catch per day of fishing (CPUE=t|d) between small and large vessels is not
significantly different (p=0.052) (small vessels 3.2 t/d; large vessels 3.5 t/d). However,
CPUE varied significantly across seasons (p>0.002) (Figure 4c). Finally, the fishing trip
length decreased from 7 to 5 days for small vessels and from 6 to 5 days for large vessels.
Between 2018 and 2019, in both cases, trip duration increased to 7 days, and catches to
10 and 12 t/v, respectively.

Economic Benefit of the URP

The estimated average price per kilogram of hake landed for the 2021 season was
MX$13.84, reflecting a 54% increase compared to the MX$10.00 observed in 2013. Over
the last decade, the average annual inflation rate associated with the INPP was 4.3%.

During the 2021 season (January to March), small vessels made six fishing trips and large
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vessels made nine. It involved six crew members and lasted an average of six days for both
small and large vessels. Small vessels caught an average of 20 tons per trip, totaling 120
tons over the three months, which represented a revenue of MX$1,660,800. Meanwhile,
large vessels averaged 24 tons per trip and a total catch of 216 tons, representing a revenue
of MX$2,989,440.

The fixed costs of the URP were estimated at MX$390,987. These include payments
for fishing services (6%), vessel maintenance (24%), office expenses (29%), and salaries (41%).
In 2021, the total estimated variable costs of fishing were MX$1,446,418 for small vessels
and MX$2,244,751 for large vessels. The proportional distribution of variable costs was
similar for both vessel types. About 43% corresponded to fuel (diesel), 37% to crew wages,
and the remaining was allocated to deck supplies (11%), landing services (5%), and engine
provisions (4%). Highlighting that the fuel cost for small vessels was 30% lower than that
of large vessels. Crew payments and landing service costs for small vessels were 56% lower
than those of large vessels (Table 2).

The updated total cost showed an upward trend from 2010 to 2021, but there was
no corresponding increase in revenue. This is associated mainly with an unchanged
price (Figure 7b) and seasonal fluctuations in catch. Although the nominal price of hake
increased by 38%, its real price showed a slight decrease (Figure 5b). Diesel is the primary
input for the vessel’s operation; this input increased by 137%, going from MX$9.121n 2010
to MX$21.701n 2021 (Figure 5c). The total maintenance cost of a vessel that fishes for hake
from January to March 2021 was estimated at MX$99,015.21. Hull, engine, and hake nets

maintenance represented 75% of this total.
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Figure 5. Trends in economic indicators related to the operation of the URP for small and large vessels: a) revenue and total cost;
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Economic Indicators

The total operating costs for a small vessel are considerably lower than those of a
large vessel. However, the relationship between total costs and catch efficiency per vessel
indicates that the catch cost per ton for small vessels (MX$12,053) is 15% higher than
for large vessels (MX$10,392) (Table 1). The difference between total revenue and total
costs in 2021 generated a gross margin of 12% and 24% for small vessels and 24% for large
vessels, representing MX$214,382 and $744,689, respectively.

After deducting operating costs from gross profit, the results indicate that in 2021,
small vessels experienced a cash flow deficit before taxes of MX$176,604, with a total
cost-income ratio (C/B) of 0.90 and an ROI of —10%. In contrast, large vessels achieved
a net revenue of MX$337,735, with a C/B ratio of 1.13 and an ROI of 12% during the
2021 season.

The overall balance for the 2021 season shows that small vessels did not obtain economic
benefits from hake fishing (C/B=0.90). Their costs exceeded total revenues by 10%. Their
total cost per ton was MX$15,312, while the market price was MX$13,840. Conversely,
large vessels generated positive economic returns (G/B=1.13), with a total cost per ton of
MX$12,276, at the same market price.

Break-even

The break-even analysis, considering the selling price per ton of hake and the cost
structure, identified that in the 2021 season, small vessels required a catch of 219 tons to
reach economic equilibrium. However, their observed catch was only 120 tons, i.e., 99 tons

below the threshold, indicating that they failed to cover their total costs and operated at a
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Table 1. Revenue and cost figures (MXS$) of the representative production unit of the Pacific hake fishery for small and large

vessels.

Concept Total landed catch Selling price per ton small vessels large vessels
Landing Income 120 216 $ 13,840 $ 13,840 $ 1,660,800 $ 2,989,440
Total Capture costs $ 12,053 $10,392 $ 1,446,418 $ 2,244,751
Mechanic supplies $ 51,000 $ 76,500
Deck supplies $ 169,920 $ 254,880
Fuels $ 688,474 $ 946,728
Landing services $ 72,000 $ 129,600
Crew wages $ 465,024 $ 837,043
Gross Profit $1,787 $ 3,448 $ 214,382 $ 744,689
Total Operating costs $ 3,258 $ 1,884 $ 390,987 $ 406,953
Fishing services $ 23,615 $ 23,615
Office expenses $ 103,103 $ 119,070
Maintenance $99,015 $ 99,015
Administrative salaries $ 165,253 $ 165,253
Total costs $ 1,837,404 $ 2,651,705
Economic benefit —$ 176,604 $ 337,735
VAT refund $ 120,713 $ 164,941
Net Income —$ 55,892 $ 502,676
Rentabilidad (ROI) —10% 12.7%
Cost/Benefit 0.90 1.13

Note: RPU=representative production unit. The total catch landed is expressed in tons.

loss (Figure 6a). In contrast, large vessels reached break-even with approximately 119 tons,

and their observed catch of 216 tons far exceeded this level, reflecting a more efficient

operation, with revenues exceeding costs and, therefore, favorable economic performance

(Figure 6b).
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Assuming that the TAC corresponds to 25% of the available biomass, that the IVQ is
defined at the break-even point for small vessels (219 tons), and that the size and proportion
of the fleet remains the same (28 small vessels and 14 large vessels), 9,198 tons would
be required, representing 54% of the available TAC, to maintain the fleet in economic
equilibrium, with the possibility of generating an ROI of 6.4 and 12.7% for small and large
vessels, respectively. If the entire authorized fleet participated with the same IVQ, the
entire TAC (17,520 tons) would be required to generate the same cost-benefit values and
maintain the fleet in equilibrium (Table 2).

The results indicate that the Pacific hake fleet (FPM) in the Gulf of California
experienced a significant increase in the number of trips, fishing days, and vessels per
season from 2010 to 2021, with small vessels being more active and numerous. Catch
per vessel, per trip, and per day changed significantly across seasons, primarily for large
vessels. This is attributed to their higher efficiency, estimated to be 1.5 times greater than
that of small vessels, resulting in higher catches in fewer days (Parra-Alaniz & Ramirez-
Rodriguez, 2022).

Differences in catch efficiency between small and large vessels must be considered when
defining a quota system (total or per vessel), as they differentially affect vessel profitability
(Arnason, 2005, 2007; Hatcher et al., 2005; Whitmarsh et al., 2000). Quota allocations
should be adjusted to ensure that economic benefits from fishing are achieved while
maintaining resource sustainability. Constructing the data required to estimate economic
benefits for both vessel types in 2021, based on the 2013 representative production unit
(URP) analysis, assumes that the operational cost structure was similar in both periods.

In the 2013 season, it was estimated that the hake URP, without distinguishing vessel
types, could generate a 6.98% ROI with 100 t per season, with a CBR equal to 1.07.
However, the operational conditions of the hake URP will differ, as all vessels have higher
participation in shrimp fishing, and until 2020, fuel for fishing vessels was subsidized
(Ramirez-Rodriguez, 2017). According to Sumaila ez al. (2010), subsidies are considered a
“financial transfer created by public entities to benefit a sector, allowing firms to earn more
profits than they would otherwise.” Although the FPM generated a positive ROI (6.98%) in
2013, this benefit may have masked the fleet’s real capacity to generate economic returns

and maintain its own operations.

Table 2. Unit cost values, return on investment, and benefit-cost ratio under a scenario with two fleet sizes and catch quota per vessel.

TAC .
Scenario | Vessel type | 2oPserved | Numberof | . ed | TAC % (me) | Total catch | Totalunit | gy | gp g
(mt) vessels (me) (mt) cost ($/mt)
Small vessel 120 28 17.065 20% 3,360 $ 15,311 —10.0% 219
no-quota ,
d Large vessel 216 14 18% 3,024 $12,276 12.7% 119
BE=IVQ | Number of TAC o Total catch | Total unit Q_brea%(—
Vessel type estimated | TAC % (mt) ROI even point
(mt) vesselss (mt) cost ($/mt)
(mt) (mt)
b Small vessel 219 40 17.065 51% 8,760 $ 15,311 0% 219
with quota ,U0!
4 Large vessel 219 40 51% 8,760 $12,276 12% 219
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Subsidies for fuel, equipment, or bait are particularly prone to increasing fishing
capacity and contributing to stock depletion, as they reduce production costs and
incentivize fishing intensity (Cisneros-Montemayor et al., 2016). Our results indicate
that in the 2021 season, during the fleet’s three peak months, catch values for both
vessel types (120 t for small vessels and 216 t for large vessels) were higher than the
2013 estimates, despite production costs per kilogram of hake being 10% higher than the
market price and the absence of fuel subsidies, which were eliminated by the Mexican
government starting in 2020 (DOF, 2025), limiting economic benefits, particularly for
small vessels.

Some authors suggest that economic losses resulting from the removal of a subsidy can
be offset by gains in catches as the harvested population recovers (Cisneros-Montemayor et
al., 2016). However, in the case of the FPM, a lack of effort control and strict enforcement
of fisheries regulations prevents these gains from being retained, as vessels increase their
effort and investment to compensate for lost economic benefits (Hernandez-Trejo, 2011).

In 2013, 54 vessels recorded a catch of 4,450 t, with an average of 82 t per vessel
(Ramirez-Rodriguez, 2017). In 2021, a total of 48 vessels operated —28 small and 14
large— with a recorded catch of 4,973 t, averaging 118 t per vessel, 104 t for small vessels,
and 141 t for large vessels. Our results suggest that nearly half the fleet could be close to
exceeding the total catch proportion estimated for 59 vessels, as proposed by Ramirez-
Rodriguez (2017), based on the latest biomass estimate (INAPESCA, 2014).

In 2021, the cost-benefit ratio for a small vessel with an average catch of 120 t per
season was RCB=0.9, with a negative ROI (—10%), requiring an additional 99 t per season
to reach the break-even point. The cost-benefit ratio for a large vessel was RCB=1.3, with
an average seasonal catch of 216 t, achieving an ROI of 12.7%, although its break-even
point would be 119 t. These figures indicate that, to maintain the operation of half the
authorized fleet (42 vessels) at or slightly above break-even for 14 large and 28 small vessels,
a total catch of 7,798 t would be required. This catch represents 75% of the TAC level
(11,905 t) estimated by Ramirez-Rodriguez (2017) for 119 vessels.

Alvarez-Trasvifia et al. (2022) estimated an available biomass of 68,260 t for 2014, which
would result in a total allowable quota of 17,065 t. Assuming that the fishery were managed
with IVQ) considering the break-even point for small vessels, the evidence indicates that
the catch would be 4% above the TAC (17,520 t), small vessels would have an RCB=1.06
(income = cost) and large vessels would maintain their RCB=1.13, which implies that, despite
having the entire quota (TAC), the fleet would continue without obtaining considerable
economic benefits. This highlights the need to structure a management plan that considers
not only biological and vessel efficiency indicators, but also economic indicators to establish
catch limits that generate economic benefits and maintain the sustainability of the fishery.

In the Pacific hake fishery in the Gulf of California, labor and fuel costs account for
the highest proportion, representing 63% of total costs. Trends in rising inflation and
government fiscal and economic policies limit options related to fishing system efficiency,
diversity, and the quality of landed products, as well as their prices (Ponce-Diaz et al., 2021;
Herndndez-Trejo, 2012). The goal is to establish individual vessel quotas that support
resource sustainability and vessel profitability, avoiding a “race to fish.” This requires
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optimal management with participation from fishery sector stakeholders, focusing on
strengthening the value chain (Knutsson ez al., 2016).

The fleet’s economic results confirm that profitability differs markedly between small
and large vessels. While large vessels achieved a positive ROI of 12%, small vessels recorded
losses (—10%). This pattern is consistent with findings in other fisheries where scale and
efficiency determine the ability to cover costs and generate surpluses (Olukunle, 2017).

Our results indicate that sustaining the operation of at least half of the fleet would
require catching approximately 75% of the proposed TAC. This level of exploitation
underscores the need to design differentiated quotas by vessel type, so that smaller vessels
have access to minimum catch levels that allow them to cover costs without compromising
the sustainability of the resource. When quotas are allocated equitably but without
considering relative efficiency, this creates economic inequalities and disincentives for the
less profitable fleet (Pascoe et al., 2012; Whitmarsh ez al., 2000).

A complementary strategy would be to link quotas to strengthening the value chain,
improving the quality and value of the landed product. As Knutsson ez al. (2016) showed
in Iceland, effective fisheries management has a positive impact not only on biological
sustainability but also on competitiveness in high-value markets. For the FPM, this would
involve accompanying quota allocation with technological innovation programs, market
diversification, and access to financing.

In short, the evidence confirms that without quota-based management that integrates
economic and biological criteria, the hake fishery will hardly achieve a sustainable balance.
An IVQ) scheme adapted to local conditions could generate incentives for efficiency and
ensure the long-term sustainability of economic benefits, avoiding overexploitation and the
marginalization of small vessels.

Overall, the results support the need for information that enables fishery managers to
assess the current economic benefits of fishing and its potential under individual quota
management schemes.

An economic analysis of the hake fishing fleet in the Gulf of California reveals a marked
difference in profitability between small and large vessels, with the former operating below
the break-even point and with a negative ROI, while the latter achieves positive margins.
This asymmetry reflects the fact that scale and catch efficiency are determining factors for
the financial viability of production units, which is consistent with what has been observed
in other small- and large-scale fisheries (Olukunle, 2017).

The elimination of fuel subsidies and the increase in operating costs have limited the
capacity of small vessels to sustain their activities, highlighting the need to rethink fisheries
management beyond strictly biological criteria. In this sense, the evidence suggests that an
individual catch quota (IVQ) system designed with differentiated criteria by vessel type
could help balance profitability between fleet segments and, at the same time, promote the
sustainability of the resource. International experiences, such as the Icelandic I'TQ) model,
demonstrate that well-designed use rights schemes are capable of enhancing efficiency,
reducing overcapacity, and generating sustainable economic benefits (Arnason, 2006).

However, the allocation of quotas alone does not guarantee benefits. They will need

to be complemented with policies that strengthen the value chain, promote technological
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innovation, and improve access to higher value-added markets, as has been observed in

successful fishery management cases (Knutsson et al., 2016).

CONCLUSIONS

The economic viability and sustainability of the hake fishery depend on the
implementation of a comprehensive management scheme that considers both biological
and economic indicators. Only under a system that combines fair catch quotas, efficiency
incentives, and market strategies will it be possible to guarantee the permanence of the fleet
and the long-term conservation of the resource.
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ABSTRACT

Objective: To examine the relationship between human activity and the occurrence of ground fissures in
Mennonite agricultural soils within the Laguna de Santiaguillo endorheic watershed.
Design/methodology/approach: Earth fissures were geolocated and digitized using satellite imagery. Remote
sensing techniques were utilized to calculate the Normal Difference Moisture Index (NDMI) during the 2023-
2024 agricultural cycles. Kernel density per Km? was calculated by concession and annual concessioned
volume. Moreover, the total of rainfall in the study area was calculated using Thiessen polygons to be compared
with the monthly NDMI.

Results: The study area has groundwater extractions throughout the year to meet the needs of hydric crops,
which is observed through annual concession volume with an average density of 6.46 wells/Km®. While the
NDMI value for the agriculture cycle 2023 presents important variations in specific areas that zones containing
major moisture are agricultural production areas, making it evident that the moisture patron is strongly related
to agricultural activities in parcels that have a groundwater concession.

Limitations on study/implications: The study area presents significant pressure related to groundwater
concessions. According to the Kernel analysis density, it was detected that one of the regions with major volume
concessioned density coincides with one of the earth fissures detected through spatial images. These results
suggest that this zone presents an advanced subsidence phenomenon. Kernel’s density analysis was calculated
based on the volume of CONAGUA’s groundwater concessioned values; it is unknown the exact amount of
groundwater extraction from the aquifer.

Findings/conclusions: One of the principal earth fissures coincides with a high Kernel’s density estimation
per annual volume concessioned, 30% of the total aquifer’s concessions are in the study area, showing a high
concentration of groundwater extractions.

Keywords: Aquifer, Earth Fissures, GIS Kernel’s Density.

INTRODUCTION

Groundwater accounts for 98% of the world’s freshwater and is crucial to ecosystems,

human consumption, industry, and particularly to agricultural irrigation in arid and
semiarid regions (Barati e al., 2019; Yan et al., 2025).
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Groundwater availability in several aquifers worldwide is decreasing, influenced by
a combination of natural factors, including precipitation, slope, and lithology, as well
as anthropogenic influences such as the number of wells, urbanization, industry, and
agriculture. This phenomenon affects future food production (Redwan and Abdel Moneim,
2016; Whittemore et al., 2023).

If the total of groundwater extracted over many years is close to or exceeds the total
recharge, it’s considered that there is overexploitation. In other words, an overexploited
aquifer is defined as the amount of water extracted being greater than the volume that
infiltrates. This term becomes more significant in arid or semi-arid areas due to the limited
recharge capacity (Van Camp et al., 2010).

In Mexico, 77% of the volume of water extracted is used for the agricultural sector.
However, there are three significant constraints on this use: a) Seasonal distribution of
rainfall over four months of the year (June- September) with the rest of the year relatively
dry; b) Distribution of rainfall across the country, states like Tabasco (southeast) rainfall is
close to 2,095 mm per year, while Baja California Sur (northwest) only 160 mm is received;
¢)in the northern, central and northwestern regions of the country natural water availability
is 31%, and with 77% of total population living there, it generates 87% of GDP. These three
limitations result in a heavy dependence on groundwater for agricultural activities, leading
to overexploitation of more than 100 aquifers in the country. This lowers water tables,
resulting in settlements and landslides (SEMARNAT, 2010).

Agriculture is the primary water consumer worldwide, utilizing approximately 72%
of the world’s renewable water resources. Its expansion has increased water demand,
leading to excessive groundwater extraction and subsidence phenomena. This may
trigger earth fissures that affect the surrounding communities’ infrastructure, as well as
permanently affect aquifer compaction and decrease storage capacity (Fan et al., 2025;
Song et al., 2023).

Subsidence is a phenomenon that has been present in recent years. This is a superficial
manifestation of overexploitation of natural resources (hydrocarbons, vapor, minerals, or
groundwater) that changes the state of soil efforts (Alvarez et al., 2001).

Intensive groundwater extraction reduces pore pressure in granular media, causing
land deformation and compaction of unconsolidated sediments (Solano Rojas ez al., 2015).
When groundwater extraction is greater than recharge, cones of abatement are formed,
and it’s associated with three deformation stages 1) sinking for water abatement; 2) fissure
generation, and 3) fissure growth. Figueroa-Miranda et al. (2018) define an Earth fissure
as any discontinuity related to subsidence caused by groundwater extraction in alluvial or
lacustrine valleys.

The Earth fissure formation process is complex; they are characterized by soil and
superficial rock breakage resulting from a combination of various natural geographic
phenomena, as well as human activities. Among the leading causes are geological structures
and soil sinking from groundwater extraction. Superficial water runoff process and erosion
contribute to fissure development, increasing the weight and length of small fissures located
under the surface. These superficial processes could be increased fissure impacts, creating
severe damage (Jia et al., 2021; Li et al., 2024).
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The use of special tools eases the processes, the results of which can be geographically
analyzed. Creation of Kernel density maps enables the identification of major pressure
areas, either for point concentration or any specific value or attribute of interest (Diaz
Caravantes et al., 2013).

During the decade 2010-2020, remote sensors were used to make temporal and spatial
monitoring of the superficial hydrological resources’ variations and drought in different
parts of the world. These methods allowed to get parameters such as Normalized Differential
Water Index (NDWI), Normalized Differential Vegetation Index (NDVI), Normalized
Difterential Moisture Index (NDMI), and Soil-adjusted Vegetation Index (SAVI) (Song ez
al., 2025; Tibangayuka et al., 2025).

Some research shows that subsidence in agricultural areas is related to hydric resources
management in cases where excessive water use might increase land subsidence, directly
impacting agricultural productivity (Guzy and Malinowska, 2020).

Territory management keeps a significant relationship with subsidence phenomena,
which is why it is essential to analyze how agricultural practices affect these processes
(Minderhoud ez al., 2018).

Inside Mennonite agricultural areas located in the Laguna de Santiaguillo watershed,
Durango, México, fissures related to subsidence processes have been observed. These
fissures present a relatively limited extension and a lack of visible soil mass movements,
and they are scattered and non-patterned. However, due to the impact that is generated
in the agricultural landscape and the region’s productive activities, their study results are
relevant to this research.

Given the limitations of the use of interferometry techniques described above and the
need to establish management planning criteria to prevent significant risk effects, this study
proposes to use indicators that integrate the leading causes and subsidence effects.

This study examines the relationship between human activities and the occurrence of
earth fissures in Mennonite agricultural soils within Laguna de Santiaguillo watershed,
Durango, Mexico, employing a geospatial approach that incorporates territorial

management indicators, resources, and soil conditions.

MATERIALS AND METHODS

The research was conducted in Laguna de Santiaguillo endorreic watershed, located
in the north-center of Durango State, Mexico, within hydrologic region number 11, north
of the San Pedro-Mezquital River. Hydrologic net flows to two lagoons, which are also
important migratory bird routes in North America, support about 67 species that reside
there in winter, some of them coming from Alaska and Canada. Laguna de Santiaguillo
is recognized as an Area of Importance for Bird Conservation (AICA, in Spanish) and
was declared a Ramsar site in 2012 (Cassio Madrazo and Sanchez Ortiz, 2018; Corral-
Bermudez et al., 2019).

In the 1920s, a series of Mennonite communities’ settlements were established in the
area. Since their arrival until the present day, the principal economic activities undertaken
by the population have been agriculture and cattle raising (Hansen, 2005).
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The study area spans 167.9 ha and encompasses the Mennonite communities of the
region. Geographically, it is located within extreme coordinates: W —105.07°, S 24.83°, E
—104.93°, and N 25.02° (Figure 4).

According to INEGI information, the topoform system comprises an alluvial plain
(162.286 ha) and a floodable alluvial plain (5.04 ha). Its climate is semi-dry temperate,
with summer rain (BS1kw(w)), and Vertisol is the predominant edaphology.

Mexican Geological Service (SGM) reports that the study area presents a stratigraphy
from the Cenozoic, Quaternary period with alluvial sediments (sand and lime) and
lacustrine (clays). Geological faults are not reported in the study area; the nearest are
Chapala and Morillitos faults located 12 and 11 Km away, respectively. These faults are
classified as normal faults provoked by superficial tension that trigger an inclined vertical
slide of 60° (Figure 4).

Kernel density analysis

Based on Diaz Caravantes et al., (2013) methodology and using ArGis 10-8 an analysis
of Kernel density was made, using a cell size of 30X 30 m (Figure 8 and 9), whose principle is
the continuous surfaces construction from points, in this case were used the wells distributed
in the zone, as well as an analysis including the annual quantity of concessioned volume
per REPDA concession, this represented areas of water use density and classified as high,
medium and low enabling to establish areas where is concentrated a central pressure per
Km? to aquifer.

To estimate the calculation of surfaces, the Kernel method uses the calculation of
density observations around a pixel (Equation 1). The Kernel’s quadratic function used in

ArcGIS is:

Dy =0 Si(3)a2?)[1- (2 /72)]2 (1)

Where 7 is the radius of the circles of nearby points, 4; is the distance between point s
and the observed point §;, 7 is the number of observed points, and D)y is the density on
that point.

The results achieved allow the creation of maps that spatially distribute areas with
greater pressure on the aquifer. In this research, a radius of 569.14 m was delimited to get
an influence area of 1 Km?.

Given that the results do not have a normal distribution, they were reclassified by Jenks’
natural breaks method. This reclassification creates classes where similar values cluster
more effectively and increases the difference between classes. In this manner, entities are
divided into classes, for which limits are established where considerable differences exist
between values and data. A blue-yellow-red color ramp was utilized to represent high,
medium, and low-density zones. Blue represents low-density zones, yellow represents

medium, and red represents high-density zones.
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Figure 1. Work diagram to estimate the Kernel’s density per Km?. Blue ovals indicate that users only have to
load the spectral bands of their interest. Yellow squares are geospatial processes, and green ovals are the result
of each geoprocess.

Normalized differential moisture index (NDMI)

Monthly multispectral imagery from March 2023 to March 2024 was downloaded
from the U.S. Geological Survey (USGS) http://glovis.usgs.gov/ from the Operation Land
Imager (OLI) Landsat 8 and 9 collection 2 level 2 instrument, Path 31, Row 43, and cloud
cover less than 30%.

To calculate NDMI, the Bo-Cai Gao (1996) technique was employed, utilizing remote
sensors to estimate the moisture content in vegetation, through two narrow channels
located at 0.86 um and 1.24 um wavelengths (Equation 2). The results obtained are from
—1 to 1, describing the crops’ hydric stress levels (Table 1).

NDMI is calculated by the quotient of the difference between and the sum of radiation
reflected within the near infrared region band (NIR) and the shortwave infrared region,
using the equation:

IR — SWIR
NDMI = NIR — SWIR (2)
NIR+ SWIR

For Landsat 8 and 9 S2 L2 images NIR band corresponds to band 5 and SWIR band
corresponds to band 6 (Equation 3)

Band 5— Band 6
NDMI = (3)

Band 5+ Band 6

Figure 2. ArcGIS method to calculate NDMI. Blue ovals have a P superscript indicating that users only have
to load spectral bands of their interest. Yellow squares are geospatial processes, and green ovals are the result
of each geoprocess.
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Table 1. Parameters of interpretation of NDMI results.

Value Interpretation
—1--0.38 Bare ground
—0.8--0.6 Almost non-existent canopy cover
—-0.6--04 Very low canopy cover
—0.4--0.2 Low and dry canopy cover
—-0.2-0 Medium-low canopy cover and high-water stress
0-0.2 Medium canopy cover and high-water stress
0.2-0.4 Medium-high canopy cover and high-water stress
04-0.6 High canopy cover, no water stress
0.6-0.8 Very high canopy cover, no water stress
0.8-1 Full canopy cover, no water stress/flooding

Calculating this index allows the analysis of soil moisture or hydric stress periods in
regional crops. Using this index, the irrigation time and its intensity could be estimated

during rainless periods, as well as in extreme or abnormal drought conditions.

Precipitation analysis

National Meteorological Service (SMN) (Servicio Meteorolégico Nacional, in
Spanish) is the government agency responsible for recording and providing weather
information to the national and local level of Mexican Republic, SMN constantly
monitors atmospheric variables through 2,400 active meteorological stations distributed
throughout the country and has a monthly database rainfall from meteorological station,
in this study the information was taken from Tejamen station (10083), Guatimapé station
(10137) and Coneto de Comonfort station (10129), using ArcGIS 10.8 algorithms,
Thiessen polygons were created to establish the regionalization of rainfall in the study
area (Iigure 3), the area of influence of each station was calculated and multiplied by the
monthly precipitation data, with this information, histograms were created to know the
trend of rainfall in the area and identify extreme drought phenomena in the region.

Using a comparative analysis of precipitate volume and NDMI corresponding to the
agricultural cycle 2023 was possible to visualize anthropogenic influence on the humidity

of the study area caused by periods of low water and drought.

Figure 3. Method utilized to calculate precipitate volume in the study area. Blue ovals indicate that users only
have to load the spectral bands of their site of interest. Yellow squares are geospatial processes, and green ovals
are the result of each geoprocess.
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RESULTS AND DISCUSSION

Seven earth fissures were visually detected using Google Earth (GE) satellite images
(Figure 4). Table 2 shows the appearance date and the actual extension of the main fissures
according to available information for GE

In accordance with Galloway and Burbey (2011), subsidence caused by groundwater
extraction and aquifer compaction is an almost imperceptible phenomenon. The San
Joaquin Valley, California, has experienced 9-meter subsidence from 1925 to 1975; well
drilling for groundwater use is the principal cause.

Figueroa-Miranda et al. (2018) report that Mexico has 99 cities affected by subsidence.
Mexico State presents the significant quantities of affected areas, with 17, followed by
Jalisco State and Chihuahua State, with 16 and 11, respectively.

The evolution of Earth’s fissures is available in the annexes link.

Hydrologic analysis

The weather in the study area indicates that the main precipitation occurs in summer
(July, August, and September) with an average annual rainfall of 465.7 mm. Based on
meteorological station data and Thiessen polygons, the precipitation regime in the study
area over the last few years exhibits a rainfall trend, as illustrated in Figure 5.

104°56'W

Earth fissures
reesme Morillitos fault
= Chapala fault
|| Study area "
__ Sanliaguillo Valley aquier

Figure 4. The study area is located inside the Laguna de Santiaguillo watershed, since 2012 is considered a
Ramsar Wetland and is cataloged as an Area of Importance for Bird Conservation (AICA).

Table 2. Characteristics of earth fissures.

Fissures Appearance date Extension m
1 September 2023 1,002
2 August 2019 2,758
3 September 2019 443
4 January 2021 723
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Figure 5. Rainfall volume in the study area over the past 9 years (mm per year).

The aquifer’s natural conditions limit the recharge exclusively to precipitation inside
the watershed. In the year 2023, rainfall decreased below average, provoking drought
conditions in the study area. One of the principal effects of this meteorological phenomenon
is the increase in groundwater extraction, which is destined to cover crops’ hydraulic needs
(Simon Wang et al., 2016).

Due to geological, geophysics, and hydrogeological conditions, Valle de Santiaguillo is
defined as a free, heterogeneous, anisotropic aquifer. The upper portion is made of alluvial,
fluvial, foothill, lacustrine, and aeolian sediments, as well as polygenic conglomerates
(Figure 5), with thicknesses that vary several meters at the center of the valley and gradually
decrease towards the vicinity of the mountain range (CONAGUA).

Conditions described by CONAGUA coincide with Zhu et al. (2024) definition,
which establishes that overexploitation of hydric resources coming from aquifers in
compressible alluvial deposits could create subsidence phenomena, which, under specific
hydrogeological conditions, are associated with earth fissures. Pacheco-Martinez et al.
(2013) describe similar geological conditions in Aguascalientes, where earth fissure

formation has also occurred.

Groundwater uses

Valle de Santiaguillo aquifer is located inside the endorheic Laguna de Santiaguillo
watershed (Figure 6) whose precipitations form runoffs that flow into the lagoon body of
the area, and the recharge depends entirely on the rainfalls, CONAGUA, 2020 estimates

5 and 115.13 hm” per year are concessioned, based

an annual average recharge of 44.9 hm
on this information it is evident an aquifer overexploitation condition.

In the study area, according to REPDA, 1,097 registered wells have concessioned
a total of 34.08 hm” annual volume, with predominance of agricultural concessions in

the number of registers. Groundwater concessions located in the study area (16,790 ha)
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Figure 6. Groundwater concessions within the study area.

represent 30% of the aquifer’s (250,400 ha) total volume concessioned, which represents a

significant concentration of groundwater extraction in the area.

Kernel density analysis

Number of concessions per Surface unit

Based on REPDA information, the annual concessions volume from the analysis per
right was observed to have an average density of 6.46 wells/ Km?, spatially distributed. 82%
(138.40 KmQ) of the study area has a low well density with an accumulation from 0-12
wells/ Km?, 15% (25.10 KmQ) has medium density with values from 13-32 wells/KmQ, and
3% (4.40 Km®) has high density with values from 33-88 wells/Km? (Figure 7).

Concessioned volume per surface unit

It was determined that the lowest volumes per square kilometer are in areas where
annual concessions range from 0 to 228,654 m’, corresponding to 70% (117.63 ka). On
the other hand, 24% (40.17 KmQ) of the study area has medium concessions with annual
volume values from 228,655 to 705,846 m”; finally, the areas with higher yearly volume
concessions fluctuate from 705,847 to 2°535,084 m”. Showing that the study area is under
intense pressure due to groundwater extractions (Iigure 8).

Comparing Kernel density by number of concessions and volume concessioned, it’s
observed that earth fissures are mainly localized in areas where extraction densities and
number of wells are from medium to high. This suggests that pressure exerted on the
aquifer in these zones has favored the fissures opening directly related to the location of the
concentration of groundwater concessions.

Based on the result analysis, the pressure on the aquifer has encouraged the
formation of earth fissures in this area. This phenomenon has already been described

by other researchers, who mention that high levels of well drilling, prolonged periods
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Figure 8. Kernel’s density per annual volume concessioned.

of water pumping, an arid or semiarid climate, and a decrease in static levels are
factors that facilitate the formation of these failures (Burbey, 2002; Pacheco-Martinez
et al., 2013).

Normalized differential moisture index (NDMI)

According to the obtained values for the agriculture cycle 2023, NDMI spatial
distribution presents important variations in specific areas during the months of
the agriculture cycle; however, it is observed that zones containing major moisture

quantities are agricultural production areas, making evident that the moisture patron
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is strongly related to agricultural activities in parcels that have groundwater concessions

(Figure 9).
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Figure 9. NDMI of the agricultural cycle 2023-2024 in the study area
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The average NDMI value for the 2023-2024 agricultural cycle is close to 0, indicating a
generalized high hydric stress, with an increase in NDMI value in July, which is attributed
to the start of the rainy season in the region (Table 4). However, some parcels present
higher moisture levels than others, which is why they have been irrigated even during the
rainy season.

The highest NDMI in a parcel (0.41) was observed in May (Table 4), being an abnormal
value according to climatological conditions of the region. May is within the drought
season, and the main rainfall occurs in the summertime. Thus, the quantity of observed
humidity might be related to irrigation activities in parcels

Agricultural activities within the spring-summer cycle, shown in the images (May to
September), present a major humidity presence derived from groundwater irrigation.
However, winter cycle irrigation activities, although minor, are still present in located parcels
with great correspondence, in both cycles, with earth fissure localization, particularly in
the south of the study area.

Histograms of NDMI are available in the annexes link.

Comparison analysis between precipitation and NDMI shows a higher humidity
level in May and November; this does not coincide with the natural humidity peaks
caused by rain.

Sustained hydric stress, evidenced by low average NDMI values, leads to constant
groundwater extraction for irrigation, favoring decreasing phreatic levels (van Opstal et
al., 2022).

Aquifers overexploitation may lead to land differential subsidence, manifesting
throw fissure formation (Alvarez et al., 2001), besides, moistening cycles for irrigation
followed by intense evapotranspiration generate ground tensions that aggravate the
fracturing, thereby, fissures spatial distribution might be related correlated to, not only
to groundwater extraction patterns, but also to superficial humidity captured by NDMI
(Zang et al., 2019).

Table 4. Monthly comparison of NDMI of the agricultural cycle 2023-2024.

Date Maximum Minimum Average
03/08/2023 0.28 —0.23 —0.07
04/01/2023 0.36 —0.25 —0.06
05/11/2023 0.41 —0.22 —0.06
06/12/2023 0.35 —0.25 —0.07
07/14/2023 0.35 —0.23 —0.02
08/07/2023 0.35 —0.25 —0.07
09/16/2023 0.37 —0.29 —0.04
10/18/2023 0.37 —0.29 —0.02
11/19/2023 0.38 —0.31 —0.008

12/29/2023 0.37 —0.32 —0.07

01/14/2024 0.33 —0.33 —0.08
02/07/2024 0.33 —0.34 —0.09
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According to the analysis of the relation of precipitation and NDMI of 2023 agricultural
cycle, maximum NDMI values in dry season (January to May) are comparable to the
rainy months (July to September), being evident that anthropogenic activities, especially
intensive use groundwater for irrigation, allows to maintain crops humidity levels, even in
natural hydric deficit conditions (Figure 10).

Based on the results obtained, it’s observed that the study area is subject to strong
anthropogenic pressure, and the use of both water and soil resources is evident, as
agricultural activities are constantly developed throughout the year. This continuous
exploitation not only affects water availability but may also contribute to soil degradation
processes, such as earth fissures and subsidence, which are related to decreasing phreatic
levels and intensive irrigation management (Faunt ez al., 2024).

Based on Tukey test, June and August do not present significant difference in their
precipitations, it’s also observed that during agricultural cycles there are hydric stress
conditions in the study area due to NDMI average is close to 0, from the analyzed period
a large amount of aberrant data was obtained that increased the NDMI, and making a
comparative it’s observed that spatial distribution matches to agricultural parcels that
have a groundwater source for irrigation supply (Figure 11).

If the tendency of groundwater extractions in the Laguna de Santiaguillo aquifer
continues, the consequences could be similar to those of aquifers on Chile, where
research has exposed that a constant exploitation of groundwater might provoke severe
effects on hydrological systems, such as disconnection between the aquifer and natural
surface water runoff, modifying the aquifer’s discharge that supplies wetlands or rivers
in the dry season. Finally, excessive groundwater extraction from the aquifer storage
rather than natural recharge increases the period required to replenish naturally (Jédar

et al., 2024).
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Figure 11. NDMI temporal variation in the spring-summer and autumn-winter agricultural seasons.

CONCLUSIONS

The study area presents significant pressure related to groundwater concessions.
According to the Kernel analysis density, it was detected that one of the regions with major
volume concessioned density coincides with one of the earth fissures detected through spatial
images. These results suggest that this zone presents an advanced subsidence phenomenon.

A constant groundwater extraction throughout the year was detected, as NDMI
values surpass monthly natural means, and the areas with major humidity correspond to
agricultural parcels that depend on the aquifer. This affects the phreatic levels and may
cause a decrease in water volume, pore compression, lower storage capacity, and changes
in soil layers.

In 2023, the decrease in rainfall provoked a lower aquifer recharge. This situation,
in addition to increasing agricultural groundwater demand, has generated saturation
and drying of soil, which in turn has increased the risk of fissure appearance due to the
increased efforts on its structure.

The study area’s natural characteristics, such as a semiarid climate, the aquifer’s lithology
characteristics, and the significant groundwater demand destined for agricultural activities,
correspond to identified factors in specialized literature that facilitate earth fissure formation.

The location of the longest earth fissure is within a zone that is subject to extensive
humidity and drying variations. This condition, in addition to high concession density
per square kilometer, can be related to relevant changes in the soil stress state over a

considerable area.
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ABSTRACT

Objective: To analyze the compatibility between existing livestock infrastructure and requirements for digital
monitoring technologies in Mexico, proposing an adaptive infrastructure model for gradual technological
modernization.

Design/methodology/approach: Documentary analysis of secondary data from production units was
conducted. Technical parameters from manufacturer specifications and scientific literature (2015-2024) were
synthesized. Bioclimatic design principles from international standards were adapted to meet the specific
conditions of Mexico. The Flexible Infrastructure for Animal Welfare (IFBA) conceptual model was developed
through the synthesis of technical requirements and contextual constraints.

Results: Analysis revealed that around 70% of Mexican livestock facilities consist of perimeter fences with
improvised roofing, presenting fundamental incompatibilities with sensor operation requirements. Temperature
fluctuations of 18-22 °C in traditional installations exceed calibration tolerances, while 92% lack adequate
ventilation design. The proposed IFBA model structures interventions in three integrated components: passive
bioclimatic design, technological pre-installations, and evolutionary flexibility, generating immediate welfare
improvements while preparing for future technology adoption.

Limitations on study/implications: Analysis based on secondary data and technical literature synthesis
requires field validation before large-scale implementation.

Findings/conclusions: Physical infrastructure constitutes the primary limiting factor for livestock
modernization in Mexico, surpassing economic or educational barriers. The principle “precision cannot
be monitored in imprecise spaces” synthesizes the fundamental incompatibility that has been identified.
Investment in appropriate infrastructure generates immediate returns through improved animal welfare while
establishing necessary conditions for successful technological modernization.

Keywords: livestock infrastructure, animal welfare, precision livestock farming, bioclimatic design, tropical
livestock

INTRODUCTION

The convergence of animal welfare, artificial intelligence, and rural development
constitutes one of the most complex challenges facing the Mexican agricultural sector
in the 21* century. This document examines how emerging technologies in monitoring,
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data analysis, and automation can transform animal production systems, simultaneously
improving animal welfare, economic productivity, and environmental sustainability, while
considering the structural realities of the Mexican countryside.

Mexico faces a fundamental paradox: while precision agriculture technologies
and artificial intelligence systems promise to revolutionize livestock production, a
high percentage of national production units operate with limited resources, deficient
infrastructure, and significant technological gaps. This disparity is not merely technical
but profoundly social, economic, and cultural, requiring approaches that transcend
simple technology transfer.

A frequently ignored but fundamental aspect is physical infrastructure. Animal welfare
assessments in Mexican livestock systems reveal significant infrastructure deficiencies.
Academic studies report that small-scale production units —which represent a significant
proportion of the sector— present infrastructure levels of 36% relative to the required
optimum (Herndndez-Lépez et al., 2008), while assessments using international protocols
classify 100% of studied units barely at the ‘Acceptable’ level, without reaching higher
welfare categories (Mota-Rojas et al., 2017). This situation evidences a gap between
international animal welfare standards established by the OIE and actual production
conditions, particularly in aspects of thermal comfort, vital space, and expression of
natural behaviors.

This analysis integrates three critical dimensions. First, it examines the conceptual
evolution of animal welfare from Anglo-European, Latin American, and Mexican
perspectives, identifying convergences and specificities that inform the development
of regulatory frameworks and production practices. Second, it evaluates the state of
the art in animal monitoring technologies, ranging from basic sensors to distributed
artificial intelligence ecosystems, and analyzes their transformative potential and
practical limitations. Third, it diagnoses the reality of rural Mexico, identifying structural
barriers and opportunities for technological modernization that are culturally pertinent,
economically viable, and socially inclusive.

The central hypothesis argues that successful implementation of advanced technologies
in the Mexican countryside requires not the uncritical importation of external models, but
the development of hybrid solutions that integrate traditional knowledge with technological
innovation, that recognize the heterogeneity of the national territory, and that prioritize
animal welfare as an essential component of productive sustainability. Specifically, this
document argues that adaptive infrastructure constitutes the necessary bridge between

traditional knowledge and technological innovation in Mexican livestock production.

MATERIALS AND METHODS

A systematic search was conducted following the PRISMA protocol adapted for
agricultural sciences. Consulted databases included Web of Science, CAB Abstracts,
Scopus, and SciELO México (for the period 2015-2024 for technologies and 2010-
2024 for the Mexican context). The strategy employed terms: (“precision livestock” OR
“smart farming”) AND (“animal welfare”) AND (“artificial intelligence” OR “Io1”) AND
(“Mexico” OR “Latin America”). Studies with field applications were included, excluding
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those that were exclusively laboratory-based. Scientific articles, technical reports, and

normative documents were analyzed.

Development of Conceptual Models
The economic models presented are theoretical exercises based on parameters reported
in the literature, without empirical validation. They should be considered as working

hypotheses, not as definitive projections.

Infrastructure Evaluation
Secondary data from documented production units and published literature on livestock

design parameters were analyzed.

RESULTS AND DISCUSSION
Conceptual framework of animal welfare-historical evolution
and theoretical perspectives

The concept of animal welfare has evolved significantly from the Brambell Report
(1965) to current multidimensional conceptualizations. The Anglo-European perspective,
developed in post-industrial societies with more than 60 years of evolution, has prioritized
theoretical-conceptual refinement and research on positive affective states. This paradigm
establishes five fundamental freedoms that have guided global legislation and practice:
freedom from hunger and thirst, from discomfort, from pain and disease, to express normal
behavior, and from fear and distress.

Fraser (2008) proposes three complementary conceptions of welfare: biological
functioning (health and productivity), affective states (subjective experiences), and natural
life (expression of species-specific behaviors). This integration recognizes that welfare is not
unidimensional, but emerges from the complex interaction among physical health, mental
experience, and capacity to express natural behaviors.

Broom and Iraser (20135) define welfare as the state of an individual in relation to
its attempts to adapt to its environment, establishing that it is scientifically measurable
through physiological, behavioral, and preference indicators. This scientific approach
provides objective bases for evaluating and improving the living conditions of animals in
production systems.

The Latin American and Ibero-American Perspective

Latin America has developed a pragmatic and adaptive model that integrates
traditional knowledge with modern standards. According to Mota-Rojas and Orihuela
(2018), this perspective recognizes the region’s economic and structural limitations while
seeking progressive and contextualized improvements. The Latin American position is

characterized by:

* Integration of traditional knowledge: Valuation of ancestral management
practices that, although not scientifically formalized, have demonstrated effectiveness

in maintaining animal health and productivity.
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* Graduality in implementation: Recognition that improvements must be
economically viable and socially acceptable to guarantee sustained adoption.
* Emphasis on training: Prioritization of producer training as a more effective

strategy than normative imposition.

Gallo and Tadich (2010) document how Latin American countries have adapted
universal principles to local realities, generating innovative solutions such as silvopastoral
systems that simultaneously improve animal welfare, productivity, and ecosystem

services.

The Mexican Paradigm

Mexico has constructed a distinctive technical-normative synthesis that navigates
the tensions between cultural tradition and modern standards. Mota-Rojas et al. (2016)
establish that the Mexican model integrates advanced neuroscience with cultural sensitivity,
developing innovative methodologies such as infrared thermography for non-invasive pain
evaluation.

The Mexican regulatory framework, articulated through Official Mexican Norms
(NOM-033-SAG/Z00-2014 and NOM-062-ZO0O-1999), establishes specific standards
while allowing flexibility in their implementation according to production contexts.
This approach recognizes the diversity of national production systems, from technified
commercial livestock operations to family backyard production.

The convergence of these perspectives reveals that global animal welfare does not
require homogenization, butintelligent articulation of diversity. The emerging integrative
model maintains universal ethical principles as a non-negotiable core while allowing

contextual adaptation in implementation strategies.

Emerging technologies for animal monitoring

Precision Livestock Farming

Precision livestock farming (PLF) constitutes a transformative paradigm that integrates
digital technologies for continuous monitoring and individualized management.
Berckmans (2017) establishes that this approach represents the transition from periodic
observation toward continuous 24/7 surveillance, enabling early detection of problems and
individualized optimization.

The revolutionary concept of the “animal as sensor” recognizes that animals themselves,
through their behavioral and physiological manifestations, constitute the most reliable
indicators of their state. Norton et al. (2019) proposed the concept of “digital twins,” which
are virtual representations that reflect the state of the real animal through continuous
updates with multisensory data.

The evolution toward “Digital Livestock 4.0” (Neethirajan, 2023) integrates the Internet
of Things (IoT') for ubiquitous connectivity, Artificial Intelligence for predictive analysis, big
data analysis for pattern identification, blockchain for immutable tracing, and augmented

reality for complex information visualization.
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Sensor Systems
The taxonomy of sensors for animal monitoring is structured in three categories

according to their spatial relationship:

* Sensors on the animal: wearable devices such as accelerometers for activity
monitoring, global positioning systems for grazing patterns, and physiological sensors
for vital parameters. These devices face challenges of miniaturization, durability,
and energy autonomy.

* Sensors off the animal: computer vision systems for morphological evaluation,
microphone arrays for vocalization analysis, and environmental sensors for
microclimate characterization. The main advantage 1s avoiding the stress of handling
for device placement.

* Sensors through the animal: On-line analysis of products (milk composition),
sensors in infrastructure (smart feeders), and individual consumption measurement
systems. These systems provide valuable information without direct intervention.
Schillings et al. (2021) propose a comprehensive framework for evaluating welfare
through technologies, structured in five measurable domains: nutritional,
environmental, behavioral, health, and affective states. This multidimensional

approach recognizes the complexity of animal welfare.

Internet of Things in Livestock
Halachmi ez al. (2019) conceptualize Smart Animal Agriculture as the convergence of
real-time sensors, ubiquitous connectivity, intelligent analysis, and automatic actuation.

The architecture is structured in layers:

* Perception layer: Integrates wearable devices, environmental sensors, fixed
infrastructure, and robotic systems that generate massive flows of heterogeneous
data.

* Network layer: Implements differentiated protocols according to requirements.
Bluetooth Low Energy (BLE) for short range with minimal consumption, Wil for
high data throughput, LoRaWAN for extensive livestock operations with ranges up
to 15km, and cellular technologies for ubiquitous coverage.

* Application layer: Transforms data into actionable intelligence through distributed
processing architectures. Local edge computing executes immediate detection
algorithms, intermediate fog nodes aggregate data before transmission, and cloud

computing services provide massive computational capacity.

The emerging concept of the “Internet of Living Things” (IoLT) transcends technology
to focus on animal welfare, creating systems that not only monitor but understand and
respond to individual needs.

The massive generation of data by sensor systems requires processing capabilities
that transcend traditional statistical analysis. Artificial intelligence in precision livestock

operates through deep learning architectures that identify complex patterns imperceptible
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to human observers (Neethirajan, 2024). This transformative capacity, however, depends
fundamentally on the quality and consistency of input data, establishing a critical
dependency on the real conditions of physical capture infrastructure.

Computer vision systems based on convolutional neural networks (CNN) have
demonstrated capacity for contactless individual identification, automatic body condition
scoring, and early lameness detection through gait analysis (Bezen et al., 2024). These
applications require controlled lighting conditions with variation less than 15% to maintain
precision above 90%. In contrast, traditional Mexican livestock facilities present light
variations of 300-500% between shaded and exposed areas, generating error rates that
invalidate the practical utility of these systems.

Machine learning applied to behavioral time series enables prediction of critical
events with time horizons useful for intervention. Romadhonny et al. (2024) report
85-92% precision in estrus detection through random forest algorithms trained with
triaxial accelerometer data. However, these models assume data continuity and stable
environmental conditions. The Mexican reality of frequent electrical interruptions and
thermal fluctuations of 18-22 °C introduces discontinuities and noise that degrade
predictive precision to levels no better than traditional visual observation.

Optimization through reinforcement learning represents the most advanced frontier
of Al application in livestock, enabling dynamic adjustment of multiple variables to
maximize complex objective functions such as feed efficiency while considering animal
welfare (Garcia et al., 2023). These systems require continuous high-fidelity feedback and
the capacity to actuate on the environment. Traditional Mexican infrastructure lacks both

prerequisites, making even pilot implementations of these approaches impossible.

Infrastructure quality problems
Materials and Construction Standards
In southern Veracruz, 88% of livestock operations function as free-grazing systems
in extensive pastures, operating without any infrastructure or investment in intensive
management practices (Lazos-Chavero et al., 2024). This represents the predominant
construction reality: absence of formal structures rather than low-quality buildings.
Traditional storage structures contribute to grain losses between 5-25% of total
production, mainly due to grain moisture and problems related to fungi and pests
(World Bank, 2020). These traditional structures demonstrate: inadequate moisture
barriers, deficient ventilation systems, vulnerable roofing materials, and permeable wall

construction.

Characteristics of Infrastructure in the Mexican Tropics

According to Gonzdlez-Padilla and Davalos-Flores (2018), in the Mexican tropical
region there are more than 500 thousand production units, with more than 80%
operating with fewer than 30 cows. This fragmentation is reflected in precarious
infrastructure where producers, despite having very limited financial resources, possess
enormous wealth in their lands and livestock that does not translate into investment in

adequate facilities.
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Durability and Service Life Limitations

Extensive and low-infrastructure production systems (CG3) in southern states, including
Veracruz, Chiapas, and Tabasco, are characterized by markedly deficient conditions
and limited technology (Villarroel-Molina et al., 2025). The infrastructure disparity
manifests in:

* Persistence of Regional Infrastructure: Despite the economic efficiency of
technologically advanced systems in northern states, extensive southern systems
demonstrate resilience to economic crises while maintaining deficient infrastructure
conditions (Villarroel-Molina et al., 2025).

* Structural Inadequacy: Current cattle slaughter facilities operate with 46%
inefficiency, suggesting not only underutilization but potentially inadequate
maintenance of existing installations (Hernandez-Martinez et al., 2021).

* Underutilized Biological Capacity: Herd productivity is below 50% of its
biological capacity, reflecting structural limitations that prevent optimizing

productive potential (Gonzalez-Padilla and Davalos-Flores, 2018).

Maintenance and Conservation Deficiencies
Producers identify insufficient infrastructure as one of the three main constraints for
growth and profitability of operations, after lack of credit access and low market prices

(Gonzdlez-Padilla et al., 2019). This infrastructure insufficiency reflects:

* Systematic Underinvestment: Conventional ranchers invest little in infrastructure,
producing breeding stock for sale to intermediaries who transport cattle to large
ranches or industrial feedlots (Lazos-Chavero et al., 2024).

* Deferred Maintenance Pattern: Municipal slaughterhouses show 53.2% capacity
utilization in specialized swine facilities and 42.1% in non-specialized ones, indicating
operational limitations potentially related to maintenance (Martinez-Garcia et al.,
2024).

* Pasture Degradation: In at least 24 states of the country, the number of cattle
heads exceeds carrying capacity based on forage production, causing gradual
pasture degradation and decreased productivity (Gonzdlez-Padilla and Davalos-
Flores, 2018).

Modernization Barriers

Despite silvopastoral systems being proposed since the 1990s in tropical Latin America,
there are very few successful cases in southern Veracruz (Lazos-Chavero et al., 2024). The
modernization failure spans three decades and reflects:

* Structural Resistance: Challenges include modifying technical aspects of livestock
production decades old and overcoming producer resistance, with the persistent
image of the successful rancher as one who possesses large herds rather than efficient

infrastructure (Lazos-Chavero et al., 2024)
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* Investment Gaps: Although environmental deterioration is convincing some small
and medium-scale ranchers to invest in the labor and infrastructure necessary for
sustainable livestock production, all participants in sustainable projects continue
selling through traditional channels (Lazos-Chavero et al., 2024).

* Conservation-Production Paradox: Although more than 95% of producers care
for existing trees and between 40-80% maintain areas excluded from grazing, these

conservation practices do not translate into productive infrastructure improvements
(Gonzdlez-Padilla and Dévalos-Flores, 2018).

Operational technology gaps

Automation and Mechanization Deficits

The technological disparity between northern (C1) and southern (C3) Mexico is well
documented, with infrastructure identified as the key driver for advanced technology
adoption (Villarroel-Molina et al., 2025). Specific technological gaps include scale
limitations, for example, hot iron branding remains the predominant identification method
nationally (>95%), deeply rooted as a traditional method for claiming cattle ownership,
while modern technologies remain inaccessible (Gonzdlez-Padilla et al., 2019). There
exists a digital infrastructure crisis, as the usual method for recording data is handwritten,
with less than 7% of producers using computers (Gonzdlez-Padilla et al., 2019). Technical
support infrastructure is insufficient, because nearly 52% of animal breeders do not receive
technical advice, creating cascade failures in both technology adoption (Gonzalez-Padilla
et al., 2019) and collapse in knowledge transfer due to limited demonstration facilities and

training infrastructure.

Fundamental Incompatibility with Artificial Intelligence Requirements

The implementation of artificial intelligence in livestock systems demands data
conditions that significantly exceed conventional monitoring requirements. Deep learning
algorithms require datasets with specific characteristics: temporal consistency that enables
pattern identification, absence of systematic noise that distorts learning, and reliable
labeling for prediction validation (Cockburn, 2024). These fundamental conditions are
absent in the predominant Mexican infrastructural context.

Extreme environmental variability, characteristic of traditional facilities, introduces
systematic bias in model training. An algorithm trained to detect mounting behavior at
25 °C will exhibit false negative rates above 60% when ambient temperature reaches 35 °C,
due to suppression of behavior induced by heat stress (Norton ez al., 2019). This degradation
is neither linear nor predictable, making post-hoc algorithmic correction impossible.

Intermittency in data capture, caused by electrical failures and connectivity limitations,
generates gaps in time series that invalidate prediction architectures based on recurrent
neural networks (RNN) and long short-term memory (LSTM). Studies in similar contexts
document that data losses above 30% reduce predictive precision below practical utility
thresholds (Van Hertem et al., 2018). Typical Mexican production units experience data
losses of 40-60%, effectively disqualifying them for implementation of these advanced

approaches.
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The concept of federated learning, proposed as a solution for training robust models
without centralizing sensitive data, requires edge computing capabilities with availability
above 95% (Li et al., 2020). Unstable energy infrastructure and the absence of backup
systems in most Mexican operations makes this distributed architecture unviable,

perpetuating dependence on generic models trained in non-representative contexts.

Mexican Livestock Infrastructure: Fundamental Incompatibility
with Technological Requirements

Analysis of secondary data from production units revealed that approximately 70%
of Mexican livestock facilities consist of perimeter fences with improvised galvanized
sheet roofing, lacking the basic environmental controls required for reliable operation of
monitoring technology (INEGI, 2022). This proportion increases to 89% in units smaller
than 50 head, which represent 80% of the national total.

Temperature emerges as the primary critical factor. Activity sensors require
environments with variation less than 2 °C to maintain precision (Alsaaod et al., 2012).
However, measurements reported by meteorological stations in five main livestock
regions document daily fluctuations of 18-22 °C, with extremes up to 28 °C in arid
zones. This variation generates thermal drift that invalidates calibration, producing
documented error rates of 68% in lameness detection and 73% in estrus identification

through accelerometers.

Bioclimatic Requirements as Technological Prerequisites
Bioclimatic analysis based on adapted international regulations identifies viable passive
strategies to create conditions compatible with technology without energy dependency.

Flexible Infrastructure Model for Animal Welfare (IFBA)
Based on identified incompatibilities and synthesis of documented solutions, the IFBA
model is proposed, structured in three integrated components:

Component 1: Base Bioclimatic Design

Establishes appropriate environmental conditions through verifiable passive strategies:

* Optimized orientation according to local solar analysis
* Minimum height 4.5m (warm climates) calculated for thermal stratification
* Ciross ventilation dimensioned according to actual animal load

* Materials with thermal inertia for environmental stability

Documented immediate benefit: 18-23% productivity improvement without additional

technology (compiled literature).

Component 2: Technology Pre-installations

Infrastructure that reduces future implementation costs:
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¢ Conduit installations (2” PVC, every 6m)
* Leveled bases for sensors (30X 30cm, strategic points)
* Grounding system (resistance <5€)

* Design minimizing electromagnetic interference
Estimated reduction in implementation costs: 40-60% according to budget analysis.

Component 3: Evolutionary Flexibility
Modular design allowing gradual expansion:

* Multifunctional adaptable spaces
* Consideration of flows according to species-specific behavior
* Provision for herd growth

* Compatibility with multiple technologies

Evolution Toward Artificial Intelligence Capabilities

The IFBA model recognizes that the implementation of artificial intelligence does not
constitute a single technological leap, but rather an evolutionary progression requiring
systematic infrastructural maturation. This progression is conceptualized in four levels of
increasing capacity, each building upon the capabilities of the previous while preparing
conditions for the next.

At the first level, systems implement deterministic, rule-based logic that, although not
constituting artificial intelligence properly speaking, establishes the culture of data-driven
decision-making and the basic infrastructure for capturing and acting upon data. This
level requires only the environmental stability provided by the IFBA’s base bioclimatic
design, allowing simple sensors to operate within their design tolerances.

The second level introduces basic machine learning algorithms for anomaly
detection through unsupervised classification techniques. Infrastructure must
guarantee electrical continuity through backup systems and maintain environmental
conditions within ranges that do not introduce model drift. The IFBA’s technology
pre-installations provide the structured cabling and mounting points necessary for this
sensory densification.

The third level implements neural networks for event prediction and process
optimization. This requires local computational capacity for real-time processing and
temporary data storage for periodic retraining. The IFBA’s evolutionary flexibility
allows modular addition of these components without fundamental restructuring of
facilities.

The fourth level, still prospective for most Mexican contexts, would implement
reinforcement learning for autonomous multi-objective optimization. This level requires
not only sophisticated physical infrastructure but also integration with enterprise
management systems and digitalized supply chains that exceed the current scope of the
IFBA model but for which it establishes the necessary foundations.



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/bb5psh41 227

The Paradox of Technological Democratization

The prevailing narrative suggests that Artificial Intelligence will democratize precision
livestock by reducing monitoring and decision costs (Bahlo et al., 2019). However, analysis
of physical infrastructure requirements reveals a fundamental paradox: Al increases, rather
than reduces, the technological gap between producers. While simple threshold-based
systems can function with marginal infrastructure, machine learning algorithms amplify
equipment deficiencies, converting minor limitations into insurmountable barriers.

This inequality amplification manifests particularly acutely in the Mexican context. A
producer with facilities meeting IFBA level 2 standards could implement basic Al systems
more effectively than a producer with state-of-the-art sensors operating in traditional
facilities. The quality of base infrastructure emerges as a more robust predictor of success
in Al adoption than investment in digital technology itself.

Evidence suggests that modernization efforts prioritizing technological adoption over
physical infrastructure adequacy not only fail in their immediate objectives but may
generate counterproductive effects. Producers who experience failures with advanced
technology under inadequate conditions develop resistance to future innovations, a
phenomenon documented as “technology adoption trauma” (Rogers and Shoemaker,
2023). This psychosocial effect, added to associated economic losses, can delay sectoral
modernization for decades.

The compatibility analysis between existing livestock infrastructure and technological
requirements reveals that physical facilities constitute the primary limiting factor for sector
modernization in Mexico, surpassing the traditionally cited economic and educational
barriers. Documentary evidence establishes that approximately 70% of Mexican livestock
facilities are fundamentally incompatible with the basic operational requirements of
digital monitoring technologies. Daily thermal fluctuations, erratic ventilation, extreme
light contrasts, and electromagnetic interference from ungrounded metal structures
create conditions that invalidate reliable sensor operation, regardless of their technical
sophistication.

The fundamental principle “you cannot monitor precision in imprecise spaces”
synthesizes the identified incompatibility. Bioclimatic design principles demonstrate
that passive climate control strategies can create conditions compatible with technology
without energy dependency, generating immediate productive benefits before any digital
implementation.

The proposed Flexible Infrastructure Model for Animal Welfare (IFBA) contemplates
modernization in three integrated components: base bioclimatic design, technology pre-
installations, and evolutionary flexibility. This approach recognizes that investment in
appropriate infrastructure is not only a prerequisite for technology but generates immediate
returns through animal welfare improvement. The heterogeneity of the Mexican livestock
sector requires differentiated technology adoption strategies. The three proposed levels
allow each producer to begin their modernization trajectory according to their current
capacities, while associative models democratize access through economies of scale.

The reorientation of public policy toward priority investment in basic infrastructure

represents a necessary paradigmatic shift. Evidence suggests that continuing to subsidize
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technology over inadequate facilities will perpetuate the documented cycle of failure,
wasting public resources, and discouraging genuine sector modernization. Technical
deficiencies in small and medium Mexican livestock operations extend beyond simple
resource restrictions to represent systemic failures in technology adoption, infrastructure
development, and modernization pathways. The persistence of traditional methods
alongside urgent productivity and sustainability challenges underscores the critical need for
comprehensive technical infrastructure intervention that considers regional particularities,
producers’ economic capacities, and market requirements.

Artificial intelligence in livestock does not represent a universally implementable
technology, but a tool whose effectiveness is intrinsically linked to the quality of the physical
infrastructure upon which it operates. In the Mexican context, where 70% of livestock
facilities lack the minimum conditions for reliable operation of basic sensors, promoting
Al-based solutions without prior attention to physical infrastructure constitutes an exercise
in technological futility. The fundamental principle remains immutable: you cannot build
artificial intelligence upon spaces lacking basic conditions for quality production. The path
toward intelligent livestock in Mexico requires, paradoxically, beginning with apparently
mundane investments in roofs, ventilation, and electrical stability, thereby creating the
preconditions for AI’s promise to materialize in tangible, productive benefits in the long
term.

The systematic characterization of microclimate instability in traditional livestock
facilities documented in this work establishes the foundation for future research on digital
twin methodology for agricultural infrastructure. Computational building performance
simulation offers the potential to predict environmental conditions, optimize passive
design strategies, and diagnose existing facility performance —enabling evidence-based
infrastructure investment decisions that precede, rather than follow, technology adoption
failures. Such predictive modeling tools represent the next critical frontier in agricultural
development research.

CONCLUSIONS

A critical point for the development and implementation of precision production
methods, as well as the use of Artificial Intelligence and Internet of Things methods, in
both Mexico and Spanish-speaking countries, is the development of an adequate technical
vocabulary that avoids the literal translation of English concepts into Spanish. The
uncritical adoption of Anglophone technical terminology not only creates unnecessary
comprehension barriers but also perpetuates technological dependency by obscuring
concepts that local producers could otherwise grasp and adapt to their own contexts. Above
all, considering the technological knowledge barriers between engineers and researchers
and end users.
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ABSTRACT

Objective: To evaluate the effect of three types of fertilization —chemical, biological, and organic— on the
growth, yield, and profitability of three creole chili pepper genotypes (Ancho Liso, Carricillo, and Chino)
cultivated under rainfed conditions in Apaxtla de Castrején, Guerrero, Mexico.
Design/methodology/approach: Three creole chili pepper genotypes grown in Apaxtla de Castrején were
evaluated. A randomized complete block design with a split-plot arrangement was used, where genotype was
the main factor and fertilization type was the secondary factor.

Results: Highly significant differences were observed among genotypes and fertilization types, as well as a
significant genotype X fertilization interaction. The Ancho Liso genotype under chemical fertilization showed
the highest values for plant height (46 cm), number of fruits per plant (22.5), fresh fruit weight, and yield (2.04
t ha™"), in addition to the highest net income (MXN $7,282.5 ha_l) and return per unit of investment (0.23).
In contrast, the Chino genotype exhibited the lowest productive adaptation, showing low fruit yields under all
three fertilization types.

Study limitations/implications: Genotype selection and fertilization management are key determinants for
increasing the yield of creole chili peppers.

Findings/conclusions: The genotype X fertilization interaction is decisive for optimizing creole chili
pepper production. In the Ancho Liso genotype, chemical fertilization was the most effective, whereas in
Carricillo, biological fertilization was as effective as chemical fertilization, and in Chino, yield was unaffected
by fertilization type. These results indicate that only in the Carricillo genotype is it advisable to substitute
chemical fertilization with biological fertilization without reducing crop yield while maintaining economic
profitability.

Keywords: Capsicum annuum L., fruit yield, economic profitability.
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INTRODUCTION

Chili pepper (Capsicum annuum L.) is one of the horticultural crops of greatest economic,
social, and cultural importance in Mexico. It constitutes a staple ingredient in the national
diet and represents an important source of income for rural producers. Its fruit contains
bioactive compounds such as capsaicinoids, carotenoids, and vitamins, which, in addition
to providing flavor and color, contribute to the nutritional value of the diet (Mendoza-Elos
et al., 2020; Diaz-José et al., 2023). Mexico and Central America are recognized as centers
of domestication and diversification of the genus Capsicum; in these regions, a wide genetic
variability is conserved, with numerous creole varieties adapted to specific local conditions
(Carrizo-Garcia et al., 2016).

In the municipality of Apaxtla de Castrejon, Guerrero, three creole varieties with
high cultural and gastronomic value predominate: Ancho Liso, Carricillo, and Chino.
These varieties are cultivated in traditional agricultural systems under rainfed conditions,
using farmers’ own seed, open-field establishment, low planting densities, and limited
management of plant nutrition and phytosanitary practices (Ayvar et al., 2007). As a
consequence, plants exhibit reduced vigor and greater susceptibility to pest and disease
attacks, which limits fruit yield and quality.

Fertilization management is a determining factor for improving chili pepper
productivity. In this regard, farmers frequently use chemical fertilizers due to their
rapid effect on plant growth and yield, mainly applying formulations rich in nitrogen,
phosphorus, and potassium (Mendoza-Elos et al., 2020). However, the continuous and
unbalanced use of these inputs has generated negative effects on soil structure and fertility
as a result of degradation and salinization, in addition to increasing production costs and
the risk of environmental contamination, such as water eutrophication and acidification,
as well as greenhouse gas emissions (Skowronska and Filipek, 2014; Pahalvi et al., 2021).
Chemical fertilizers are subject to bioconversion, leaching, and volatilization, resulting
in nutrient use efficiencies ranging from 10 to 60% (Chhipa, 2017; Zulfiqar et al., 2019).
Among the alternatives to this problem, the use of biofertilizers and organic fertilizers
stands out as a sustainable option, as they supply nutrients gradually, enhance microbial
activity, and promote the biological balance of the soil (Carvajal and Mera, 2010; Singh
et al., 2024).

Biofertilizers, formulated with beneficial microorganisms such as Azospirillum
brasilense, Bacillus subtilis, Trichoderma harzianum, and arbuscular mycorrhizal fungi
(Glomus intraradices), promote biological nitrogen fixation, phosphorus solubilization,
and the production of phytohormones that stimulate plant growth (Sharma et al., 2020).
The application of organic amendments or composts has shown positive effects on
growth, flowering, and yield in horticultural crops, including serrano and habanero
chili peppers (Diaz-José et al., 2023; Ontiveros-Sajuan et al., 2024). In traditional
agricultural systems of the state of Guerrero, these types of nutrient management
can contribute to restoring soil fertility, improving moisture retention, and reducing
dependence on chemical fertilizers. Despite the available information on sustainable
fertilization in crops, there are few studies on the response of Apaxtleco creole chili

peppers to different fertilization sources. Therefore, the objective of this research was to
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evaluate the effect of three types of fertilization —chemical, biological, and organic— on
the growth, yield, and profitability of Apaxtleco creole chili pepper genotypes cultivated
under rainfed conditions in Apaxtla de Castrejon, Guerrero. The hypothesis proposes
that biological and organic fertilization constitute more sustainable alternatives than
chemical nutrition for achieving greater growth, yield, and profitability in Apaxtleco

creole chili pepper genotypes.

MATERIALS AND METHODS
Study area

The studywas conducted at the experimental field of the Centro de Estudios Profesionales
del Colegio Superior Agropecuario del Estado de Guerrero (CEP-CSAEGro), located at
km 14.5 of the Iguala-Cocula highway, Guerrero, Mexico, at an altitude of 640 m above
sea level, with geographic coordinates 18° 22’ 52” N and 99° 33’ 52” W (INEGI, 2013).
The climate is warm dry [Awo (w)(1)g], with summer rainfall, a mean annual precipitation
of 797 mm, and an average temperature of 26.4 °C (Garcia, 2004). Sowing was carried out
on June 12, 2024.

The soil has a fine texture (61.4-77.4% clay), moderately alkaline pH (7.6), no salinity
problems, 0.27% organic matter, 5.3% total nitrogen, and low levels of P and K.

Genetic material

Three creole chili pepper genotypes cultivated in Apaxtla de Castrején were used: Ancho
Liso (AL), Carricillo (CA), and Chino (CH). Seeds were obtained from fruits selected for
morphological uniformity, health, and absence of pests and diseases. This genetic material
was donated by local producers from the municipality.

Experimental design and treatments

A randomized complete block design with a split-plot arrangement and four
replications was used, in order to efficiently study two factors and to ensure reliability,
validity, and consistency of the results. The main factor was genotype (AL, CA, CH), and
the secondary factor was fertilization type: chemical (CF), biological (BF), and organic
(OF), generating nine treatments (AL-CF, AL-BF, AL-OF, CH-CF, CH-BF, CH-OF,
CA-CF, CA-BF, CA-OF).

In the production area of the three creole chili peppers, chemical nutritional
management is commonly practiced; therefore, the treatments AL-CF, CH-CF, and CA-
CF were considered regional controls against which the results obtained were compared.
Each experimental unit consisted of two rows 4 m in length and 0.8 m apart, with five

plants randomly selected within the useful plot for recording the response variables.

Seedling production and transplanting

Seedlings were produced in polyethylene trays with 200 cavities, using Bocashi as the
substrate, which was previously sterilized. Sowing was carried out with one seed per cavity
at a depth of 0.5 cm. The trays were maintained under greenhouse conditions with daily

manual irrigation and preventive sanitary management.
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Transplanting was carried out into the field 31 days after sowing (DAS), placing one
plant per hill (planting site) at 0.4 m spacing, with 0.8 m between rows.

Crop management

Plants were managed according to the fertilization treatments evaluated.

Chemical fertilization consisted of supplying 150-80-80 (N-P-K), using ammonium
sulfate (20.5% N), diammonium phosphate (18% N, 46% P), and potassium chloride (60%
K) as nutrient sources.

For organic fertilization, the commercial product OganoDel® (200 kg ha_l) was used.
This product contains 85% organic matter, 60% humus, 10.7% humic acids, 39-37-29
(N-P-K), 18.4% sulfur, 13.6% magnesium, and 14% calcium. It was applied at transplanting
and at 14, 29, 33, and 55 days after transplanting (DAT).

For biological fertilization, a mixture of Azospirillum brasilense (30 mL) and Trichoderma
spp. + Glomus intraradices (50 mL per plant) was prepared. The source of Azospirillum was
the commercial product AZOSPIRILLUM-GREEN®, with a concentration of 1x10'
CFU propagules per dose, while Trichoderma spp. + G. intraradices were obtained from
TRICHS-MICS®, which contains 150 spores g_1 of G. intraradices and 2X 10° conidia g_1
of Trichoderma spp. Treatments were applied as foliar sprays at transplanting and at 14, 29,
33, and 55 DAT using a 15-L backpack sprayer.

Additionally, all plants received two foliar applications of Biozyme TF® (3 mL L_l) at
20 and 34 DAT to stimulate vegetative growth.

Response variables

In five plants randomly selected from each experimental unit, the following variables
were evaluated: plant height, measured with a metric ruler from the collar to the apex;
stem diameter, measured at the base of the stem using a vernier caliper; and the number of
primary branches per plant.

At physiological maturity, fruits were harvested manually at 114 days after transplanting
(DAT). The number of fruits per plant, fruit length and diameter (cm) were determined, and
fresh fruits were subsequently weighed using a previously calibrated digital scale to ensure
accurate weight recording. Fruits were then dried in a forced-air oven at 70 °C until constant
weight was achieved to determine yield in t ha™'. After recording the response variables,
the product was transported to the market and sold at a price of MXN $60.00 kg_l.

Additionally, a profitability analysis was conducted using the following relationship:

IN =YPy— (3 XiPi + CF)

where IN=net income, Y=yield (kg ha_l), Py=price per kilogram, inPi =sum of
variable costs, and CF=fixed costs (Volke, 1982).

Statistical analysis
Data normality was assessed using the Shapiro-Wilk test to determine whether the

observed values originated from a normally distributed population. Subsequently, the data
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were subjected to analysis of variance (ANOVA), and mean comparisons were performed
using Tukey’s test (p=<0.05). All statistical analyses were conducted using SAS software
(SAS, 2017).

RESULTS AND DISCUSSION

The average maximum and minimum temperatures were 34.5 and 24.6 °C, respectively,
while cumulative precipitation during crop development was 587 mm.

Analysis of variance showed highly significant differences (p=<0.01) among genotypes
for all evaluated variables, indicating marked genetic variability among Apaxtleco creole
chili peppers. Fertilization also had a significant effect on the number of branches per
plant, as well as on the number and weight of fruits and fruit length and diameter. In
addition, a significant genotype X fertilization interaction was observed for most variables,
indicating that genotype responses varied according to the type of fertilization applied
(Table 1).

On average, plant height was 36 cm, with the highest value recorded in the Ancho Liso
genotype under chemical fertilization, representing increases of 8% and 18% compared
with biological and organic fertilization, respectively. In contrast, the lowest growth was
observed in the Chino genotype under chemical fertilization (29.15 cm). In both Carricillo
and Chino, plant height was similar regardless of fertilization type. Stem diameter ranged
from 0.62 to 0.78 cm, with the Carricillo genotype under biological fertilization showing
the highest values. This treatment exceeded stem diameter of the same genotype under
chemical fertilization by 22% and under organic fertilization by 11%, suggesting greater
structural robustness under this management practice. In the Chino genotype, fertilization
type did not affect stem diameter values, and compared with the other genotypes, it
exhibited the lowest values overall (Table 2).

The number of branches per plant showed a similar increasing trend under biological
fertilization, with the Ancho Liso creole chili presenting the highest value (5.85 branches)
under this treatment. In Carricillo, biological and organic fertilization increased the

number of branches by 13% and 23%, respectively, compared with chemical fertilization.

Table 1. F probability values and coefficient of variation (C.V.) by variable for genotypes, fertilization, and
their interaction in Apaxtleco creole chili peppers.

. Genotype Fertilization Interaction
Variable ( G)yp ) GXF) C.V. (%)
Plant height 0.0025%* 0.0842NS 0.0483* 9.60
Stem collar diameter 0.0012%* 0.1205NS 0.0135* 8.28
Number of branches per plant 0.0032%* 0.0162* 0.0017%** 6.90
Number of fruits per plant 0.0047%* 0.0040** 0.0012%* 12.90
Fruit length 0.0039%** 0.0033** 0.0019%** 8.56
Fruit diameter 0.1942NS 0.0146* 0.0671NS 7.08
Fresh fruit weight 0.0029** 0.0035%* 0.0002%* 11.18
Dry fruit weight 0.0023** 0.0031%* 0.6591NS 33.69

**: Highly significant, *: Significant, NS: Not significant.
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In contrast, the lowest number of branches per plant was recorded in the Chino genotype
under all fertilization types evaluated.

Regarding the number of fruits per plant, the highest values corresponded to the Ancho
Liso genotype under biological fertilization (22.5 fruits plant_l), which was 43% higher
than chemical fertilization and 25% higher than plants of the same genotype under organic
fertilization (18 fruits plant_l). In Carricillo, biological and chemical fertilization resulted
in similar values for this variable, whereas the lowest fruit production was observed in
Carricillo under organic fertilization (9.1 fruits plant™ l) (Table 2).

Fruit length varied significantly among genotypes and fertilization types, with the
highest values observed in Carricillo under organic fertilization (8.93 cm) and Ancho Liso
under chemical fertilization (8.61 cm), while the lowest values were recorded in the Chino
genotype (3.21-6.29 cm) (Table 2).

Regarding fresh fruit yield, Ancho Liso plants were generally the most productive,
whereas the Chino creole exhibited the lowest yield. Chemical fertilization was the most
favorable treatment for increasing fresh fruit yield, as it promoted the highest response,
with an average of 1.56 t ha™ .

The genotype X fertilization interaction showed a highly significant effect, since Ancho
Liso plants under chemical fertilization achieved the highest fruit yield (2.04 t ha_l),
compared with 0.66 t ha™! produced by Carricillo under organic fertilization (Figure 1).
It is important to note that in the Carricillo genotype, biological fertilization resulted in
yields similar to those obtained with chemical nutrition, indicating that in this genotype,
synthetic fertilizers can be replaced with environmentally friendly sources without reducing

productivity.

Table 2. Plant height (PH), stem collar diameter (SCD), number of branches per plant (NBP), number of
fruits per plant (NFP), and fruit length (FL) as a function of genotype and fertilization type in Apaxtleco chili

pepper.
Genotype Fertilization PH SCD NBP NFP FL (cm)
type (cm) (cm) (No./plant) | (No. plant)
Biological 42.6 ab" 0.7 ab 5.85a 225a 6.37 cd
Ancho Liso Organic 38.95 abc 0.68 ab 5.1 abc 18 ab 7.23 be
Chemical 46.0 a 0.75 ab 4.9 bc 15.7 be 8.61 ab
Biological 37.4 bed 0.78 a 5.25 abc 14.95 be 7.65 abc
Carricillo Organic 30.25d 0.7 ab 5.70 ab 9.1d 893 a
Chemical 32.55 cd 0.64 b 4.65 ¢ 14 be 8.18 ab
Biological 33.7 cd 0.64 b 445c 12.35 cd 5.70d
Chino Organic 33.35 cd 0.62b 450 c 129 cd 5.21d
Chemical 29.15d 0.62b 4.85 be 14.4 be 6.29 cd
Mean 35.99 0.68 5.02 14.87 7.13
Prob. F 0.0483* 0.0135* 0.0017%* 0.0012%* 0.0019%*
HSD,, 45 16.85 0.16 1.40 13.40 3.72

I=means with different letters within each column differ statistically (Tukey, p=<0.05). HSD, ;s =honestly
significant difference. **: Highly significant, *: Significant.
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Figure 1. Fresh fruit yield of creole chili peppers under three types of fertilization. HSD, js=honestly
significant difference.

Regarding profitability, the results indicate significant differences due to treatment
effects. The Ancho Liso genotype under chemical fertilization showed the highest net profit
(MXN $7,282.5 ha_l) and the most favorable benefit-cost ratio (RUI=0.23), followed by
the same genotype under organic fertilization, with a net profit of MXN $1,494.90 and a
RUI of 0.006. Carricillo under biological fertilization, although with a lower margin, also
showed positive profitability (RUI=0.04).

In contrast, treatments associated with the Chino genotype resulted in economic losses
under all three fertilization types, indicating lower adaptation or productive potential
under the agroecological conditions of the region. A similar situation was observed for

Carricillo under chemical and organic fertilization, which also resulted in economic

losses (Table 3).

Table 3. Profitability of the nine treatments (MXN $ ha_l).

Treatment TC TI NI RUI
Ancho Liso + Chemical Fert. 31,357.50 38,2640.00 7,282.50 0.23
Ancho Liso + Organic Fert. 24,637.50 26,132.40 1,494.90 0.06
Ancho Liso + Biological Fert. 24,483.00 24,766.00 283.00 0.01
Chino + Chemical Fert. 31,357.50 10,822.00 —20,535.53 —0.65
Chino + Organic Fert. 24,637.50 9,276.40 —15,361.10 —-0.62
Chino + Biological Fert. 24,483.00 10,183.60 —14,299.40 —0.58
Carricillo+ Chemical Fert. 31,357.50 25,023.60 —6,333.90 —-0.20
Carricillo + Organic Fert. 24,637.50 9,895.20 —14,742.30 —0.60
Carricillo + Biological Fert. 24,483.00 25,370.80 887.80 0.04

TC="Total cost, including fixed costs (land preparation, fertilization, weed control, pest and disease
management) plus variable costs (biofertilizer, fertilizers, and labor); TT="Total income; NI=Net income
(TT=total income-T'C=total costs); RUI=Return per unit of investment.
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The higher fruit yield observed in the Ancho Liso genotype under chemical
fertilization can be attributed to the fact that this treatment resulted in the greatest plant
height and among the highest values for stem collar diameter and fruit length. Likewise,
the significant differences observed among genotypes indicate genetic variability among
Apaxtleco creole chili peppers from the state of Guerrero, which is consistent with reports
by Sahmat et al. (2024) and Baruah et al. (2024), who indicate that productive responses
in Capsicum spp. are strongly influenced by the genotype X environment interaction.
In the present study, the interaction with fertilization type was decisive, showing that
genotypes respond differently to the type of nutritional management applied.

Chemical fertilization promoted the highest values of plant height, fruit weight, and
yield, which is consistent with findings reported by Diaz-José et al. (2023), Kunwar ez
al. (2024), and Chemweno et al. (2025), who observed increases in biomass and fruit
number in regional chili peppers under readily available mineral sources. In this study,
the chemical source supplied exclusively nitrogen, phosphorus, and potassium, which
are primary nutrients essential for vegetative growth and fruit filling. Their rapid
availability favored a more immediate response in the Ancho Liso genotype, which
exhibited high efficiency in the uptake and use of these elements, particularly nitrogen.
According to Guo et al. (2024), nitrogen is associated with increased chlorophyll
synthesis and photosynthetic activity. The higher solubility of mineral salts allowed a
continuous supply of N, P, and K during critical crop stages, resulting in more vigorous
plant development and higher average fruit weight. This behavior suggests that Ancho
Liso has high nutritional demand and lower dependence on biological mineralization
processes, which explains its greater response to chemical management compared with
organic or biological sources.

However, biological fertilization stood out for promoting more balanced vegetative
structures, expressed as a greater number of branches and increased stem thickness,
which could contribute to improved productivity, as reported by Helbert et al. (2024),
who evaluated the effect of biological fertilization on habanero chili under protected
conditions. In the Carricillo genotype, biological fertilization based on inoculation
with plant growth—promoting microorganisms (PGPR and arbuscular mycorrhizal
fungi) showed efficiency comparable to that of chemical fertilization, suggesting greater
compatibility of this genotype with rhizospheric microbiota. Recent studies have
demonstrated that mycorrhizae enhance phosphorus uptake in soils with alkaline pH,
while bacteria such as Azospirillum spp. stimulate root development and atmospheric
nitrogen assimilation, which can partially compensate for the absence of mineral
fertilizers (Giri et al., 2025; Peng et al., 2025). This symbiotic interaction enables more
sustained nutrient supply and improves tolerance to drought or nutrient-deficient
conditions, explaining why Carricillo maintained similar yields under both biological
and chemical fertilization.

Organic fertilization, although resulting in intermediate yields, showed positive
effects on fruit quality and an acceptable economic response in the Ancho Liso genotype.
This behavior is consistent with the findings of Islas-Valdez et al. (2025), who reported
that organic matter improves soil moisture retention and the availability of essential
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micronutrients, thereby contributing to a favorable physiological balance for fruit
formation. However, the time required for the mineralization of organic compounds and
the slow release of N, P, and K may have limited the initial crop response, particularly
in soils such as those used in the present study, which are characterized by low organic
matter content and a pH above 7.5 (Naz et al., 2022). This likely explains the lower yields
observed compared with those obtained under chemical fertilization.

In terms of profitability, the superiority of the Ancho Liso + chemical fertilization
treatment indicates a strong response of this genotype to mineral nutrient sources under
the edaphoclimatic conditions of the state of Guerrero. Nevertheless, biological fertilization
proved to be a viable alternative from both an economic and environmental perspective,
particularly in the Carricillo genotype, where positive profitability and improvements
in morphological traits suggest a balance between productivity and sustainability.
Opverall, the results indicate that for the Ancho Liso genotype, chemical nutrition is the
most appropriate option for achieving higher production and economic profitability. In
contrast, in the Carricillo genotype, production under biological and chemical fertilization
was statistically similar, indicating that synthetic fertilizers can be replaced with biological
inputs without reducing the yield of Apaxtleco creole chili peppers. This substitution may
reduce environmental impacts while maintaining acceptable profitability. Furthermore,
this biologically based management approach aligns with the challenges and goals proposed
by FAO (2017) and represents a viable strategy for strengthening regional productivity

without compromising agroecosystem health.

CONCLUSIONS

The genotype X fertilization type interaction significantly influenced morphological,
productive, and economic variables, indicating differential responses to fertilization
strategies. The Ancho Liso genotype under chemical fertilization achieved the
highest fruit yield and the greatest profitability. In the Carricillo genotype, biological
fertilization produced fruit yields and morphological trait values comparable to those
obtained with chemical fertilization and resulted in positive net income. In contrast, the
Chino genotype exhibited low productivity and economic losses under all fertilization

types evaluated.
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ABSTRACT

Objective: To determine the effectiveness of different doses of paraffinic oil (SAT—T—SIDE®) and to assess the
population fluctuation of the sugarcane aphid (Melanaphis sacchari) during sorghum crop development.
Design/methodology/approach: Two experiments were conducted, one under field conditions and the
other in a greenhouse. In both experiments, a randomized complete block design with eight treatments and
four replications was used. Winged adults were counted. In addition, a pre-evaluation was carried out five
days prior to treatment application. After application, the number of insects per plant was recorded, and the
biological effectiveness of the treatments was also evaluated. Data were analyzed using the SAS statistical
package, and a Tukey mean comparison test (¢ <0.05) was performed as a complementary analysis.

Results: Treatment application resulted in effective pest control, exceeding 80% under field conditions and
90% under greenhouse conditions, with higher effectiveness observed under controlled environments. The
highest dose of SafT-Side®™ applied in both field and greenhouse experiments was the most effective for
controlling the sugarcane aphid.

Study limitations/implications: The use of paraffinic oil represents a viable alternative for the management
of the sugarcane aphid; however, its efficiency is lower than that of conventional chemical control.
Findings/conclusions: Adult populations of Melanaphis sacchari showed higher incidence after the first 60
days of crop development. The high dose of Saf-T-Side® was the most effective treatment for controlling the
sorghum aphid.

Keywords: population dynamics, biological effectiveness, adult abundance.
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INTRODUCTION

Sorghum (Sorghum bicolor L.) Moench is a crop considered highly productive and
resistant to water stress conditions. It is an important source of feed for livestock in semi-
arid regions (Kimber et al., 2013). Sorghum is regarded as well adapted to arid zones
due to its tolerance to prolonged periods of drought. In addition, it shows resistance to
viral and fungal diseases, as well as tolerance to high temperatures. However, several
factors contribute to yield losses in sorghum production, among which biotic factors are
particularly important. One of the most severe sources of damage is caused by the sugarcane
aphid, Melanaphis sacchari (Zehntner) (Hemiptera: Aphididae) (Singh et al., 2004). Under
favorable climatic conditions, it reproduces exponentially, and up to 30,000 aphids may
be found on a single sorghum plant (Singh ez al., 2004). Both juveniles and adults feed by
sucking photosynthates from the plant phloem tissue, causing desiccation, discoloration,
and necrosis of the affected leaf area, stunting of young plants, panicle malformation, and
the production of sterile grains, which results in losses in yield, grain quality, and forage
production (Haar, 2018). Additionally, during feeding, the insect produces honeydew that
covers the surface of leaves and stems, promoting the development of sooty mold, which
negatively affects the photosynthetic process. Furthermore, scientific evidence indicates
that Melanaphis sacchari can transmit viral diseases caused by Sugarcane yellow leaf virus
and Sugarcane mosaic virus (Schenck, 2000). To effectively control this pest, insecticide
applications must be carried out at the most appropriate time to achieve the greatest
impact on population reduction (Bowling ez al., 2016). Control is normally carried out in
a conventional manner, based on the application of chemical insecticides, which provide
short-term results and are effective in reducing insect populations (Knutson et al., 2016).
One insecticide commonly used for control is flupyradifurone 17.09% (Sivanto® Prime),
which shows efficacy greater than 98% mortality and a residual effect lasting 7 to 10
days (Bowling et al., 2016; Buntin et al., 2018). Flupyradifurone is a systemic butenolide
insecticide that acts on the insect nervous system, causing rapid mortality and cessation
of feeding (Jeschke et al., 2015; Jeschke, 2016; Michaud et al., 2016). Regarding the effect
of flupyradifurone application, some researchers such as Zarrabi et al. (2017) reported
that when the threshold was 100 aphids per leaf, the product applied at three different
doses reduced pest populations at 7, 14, and 21 days after application, and that grain yield
of sorghum KS585 was significantly higher in treated plots compared with the control.
On the other hand, Clark ez al. (2018) reported that this insecticide achieved effective
control of Melanaphis sacchari for up to 54 days after application. Although chemical
control significantly reduces the impact of this pest, it has also been demonstrated that
excessive use of agrochemicals can cause environmental contamination, pest resistance,
and the elimination of beneficial insects. Therefore, the current trend is to seek alternative
control strategies that are less invasive, among which oils have shown potential to generate
positive results (Bogrdn et al., 2011). In addition, it has been demonstrated that the use
of these products is compatible with organic agriculture, as they are approved in these
production systems due to their petroleum-derived but highly refined nature and low
toxicity. Therefore, they are considered capable of providing effective, safe, and sustainable
pest control by reducing dependence on chemical insecticides, assisting in resistance
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management, and functioning as adjuvants with minimal environmental impact. Based on
the above, a commercial product that may represent an alternative is Saf-T-Side®™, which
is a highly refined, pre-emulsified oil, high in paraffinic components and low in aromatic
oils, and 1is considered ideal for safe and effective pest control. It is registered with the
EPA (Environmental Protection Agency) and meets global standards for agricultural spray
oils. The mechanism of action is versatile; it acts as a contact insecticide and interferes
with respiration, disrupts cell membrane function, and hinders aphid feeding on surfaces
covered by the oil until it evaporates (Weidhaas, 1988). In this regard, several studies have
reported the beneficial effects of oil sprays, as they kill insects by contact. For example,
Najar-Rodriguez et al. (2007) found that oil application was highly effective in controlling
Aphis gossypii Glover in cotton at concentrations ranging from 1 to 10% v/v, causing the
highest mortality within 10 minutes after treatment.

Based on the above, the use of paraffinic oil may represent an alternative strategy for
pest control; therefore, the objective of the present study was to determine the effectiveness
of different doses of paraffinic oil (Saf—T—Side®) and to evaluate the population fluctuation
of the sugarcane aphid (M. sacchari) during sorghum crop development. The hypothesis
proposes that the use of paraffinic oil is effective in controlling Melanaphis sacchari by

reducing pest insect populations.

MATERIALS AND METHODS
Study area

The research was conducted at the Centro de Estudios Profesionales of the Colegio
Superior Agropecuario del Estado de Guerrero (CSAEGro), located at km 14.5 of the
Iguala-Cocula federal highway, at coordinates 18° 14’ 26” N latitude and 99° 39* 46” W
longitude, at an altitude of 640 m. The site has an accumulated precipitation of 767 mm

and an average temperature of 25 °C (Garcia, 2004).

Genetic material

The sorghum hybrid DKS-32 from the company DEKALB was used. This genetic
material has an intermediate-early growth cycle of 110-120 days and reaches an average
height of 120 cm.

Separate experiments were conducted, one under field conditions (Experiment I) and
the other under greenhouse conditions (Experiment II), as indicated in Table 1.

The methodology for each experiment is described separately below:

Field experiment (Experiment I)

Experimental design and experimental unit

Eight treatments with four replications were arranged using a randomized complete
block design, resulting in 32 experimental units. Each unit consisted of four rows 6 m in
length, spaced 0.80 m apart. The useful plot comprised the two central rows with full plant
competition, eliminating border effects to reduce experimental error. For the establishment
and management of the field experiment, the following agronomic practices were carried

out: soil preparation was performed by forming rows spaced 0.8 m apart. Sowing was
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Table 1. Study treatments under field (Experiment I) and greenhouse (Experiment II) conditions.

No Treatment Applied doses (mL) Symbol
1 Control 0 Tl
2 Saf- T-Side® 500 T2
3 Saf- T-Side® 750 T3
4 Saf- T-Side® 1,000 T4
5 Saf- T-Side® 1,250 T5
6 Saf- T-Side® 1,500 T6
7 Saf- T-Side® 2,000 T7
8 SIVANTO® (flupiradyfurone) 1,000 T8

conducted on January 12, 2024, using the drill method, at a population density of 140,000
plants ha~!. The first irrigation was applied one day after sowing, followed by irrigations
at 15-day intervals. Nutrient management was carried out according to the recommended
rates for the crop. In addition, foliar fertilization with Delfan® Plus was applied at a dose

of 1.5 mL L™! of water at 25 days after sowing. Weed control was performed manually.

Treatment application

Treatments were applied twice at eight-day intervals using a backpack sprayer with
a 1 L capacity. The commercial products used were Saf-T-Side® (paraftinic oil) and
SIVANTO® (flupyradifurone), which were sprayed over the entire plant foliage.

Study variables

Apre-evaluation was conducted five days before treatment application. After application,
the number of M. sacchari per plant was recorded every 24 h for the following five days.
The biological effectiveness (%) of the treatments was also evaluated, which was calculated
using the Abbott (1925) formula as follows:

% Biological effectiveness = [(A -B)/ A:| *100
Where: A=Value of the untreated control; B=Value of the treatment under evaluation.

To quantify the number of M. sacchari, the first evaluation was carried out at 82 days
after sowing (DAS), prior to treatment application, during which the number of adults
was visually counted on five randomly selected leaves from five plants in the useful plot
per treatment. Subsequently, four additional aphid counts were conducted on the dates
presented in Table 2.

Statistical analysis
Data from the study variables were subjected to analysis of variance using the Statistical
Analysis System (SAS Institute, 2017), according to the experimental design employed. In

addition, a Tukey mean comparison test (p=0.05) was applied.
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Table 2. Schedule of treatment application and aphid counts in Experiments I and II.

Activity days after sowing (das)
First aphid count 82
1" application of the treatments 85
Second aphid count 88
gnd application of the treatments 93
Third aphid count 96
Fourth aphid count 99
Fifth aphid count 102

Greenhouse experiment (Experiment II)
This experiment was established in a greenhouse at the CEP-CSAEGro, constructed

with metal structures, covered with white impermeable plastic and anti-aphid mesh.

Study treatments
The same eight treatments previously evaluated under field conditions were used

(Table 1).

Experimental design and experimental unit

Eight treatments with four replications were arranged in a completely randomized
design. A total of 24 experimental units were used, each consisting of a black polyethylene
pot (12X 15 cm) with a capacity of 2.5 kg of substrate. The substrate was prepared with
silt soil previously disinfected with Anibac® (quaternary ammonium+ copper sulfate) at
a dose of 5 mL L™" of water. Sowing was carried out using sorghum seed of the hybrid

DKS-32 on February 21, 2024.

Inoculation of M. sacchari on sorghum plants

Leaves with high infestations of sugarcane aphid were collected from sorghum plants
of the untreated control in the field experiment. These aphid-infested leaves were placed
among the plants in each pot to induce pest infestation under greenhouse conditions. This
procedure was performed at 44 das. Irrigation was carried out manually by applying 250
mL of water per pot at 3-day intervals starting from sowing. Fertilization consisted of a

single application of 2 g of urea per pot at 48 das.

Application of study treatments

The commercial products Saf-T- Side® and SIVANTO® (flupyradifurone), at the doses
presented in Table 1, were sprayed twice onto the plant foliage using a manual sprayer,
following the schedule indicated in Table 2.

Study variables
A pre-evaluation was conducted five days before treatment application to quantify the

number of winged adults of M. sacchari. After application, the number of insects per plant
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was recorded every 24 h for the following five days. The biological effectiveness (%) of the
treatments was obtained using the procedure described for the field experiment.

Statistical analysis
Data from the study variables were subjected to analysis of variance using the Statistical
Analysis System (SAS Institute, 2017), according to the experimental design employed. In

addition, a Tukey mean comparison test (p=0.05) was applied.

RESULTS AND DISCUSSION

Number of M. sacchari under field conditions (Experiments I and 1) Table 3 presents the
analysis of variance for Experiments I and II, showing that treatment effects significantly
influenced the reduction in aphid numbers. The mean number of aphids on sorghum
leaves of the DKS-32 variety decreased as time progressed, with the lowest values observed
during the fourth evaluation.

Table 4 shows the number of aphids in relation to the evaluations conducted for
both experiments. In the first evaluation, no significant effects were observed due to
treatment application in either experiment. However, in the second evaluation, highly
significant differences were detected, in which the untreated control showed the highest
values for Experiments I and II, respectively. The greatest level of control was achieved
with the chemical insecticide. Nevertheless, the high dose of oil also substantially reduced
the number of adult aphids. For Experiment I, control resulted in 299 fewer aphids
compared to the untreated control, and 764 fewer aphids for Experiment II. The third,
fourth, and fifth evaluations showed the same trend, indicating that the higher oil doses
provided the greatest level of pest control by significantly reducing the number of adult
aphids in the sorghum crop under both field and greenhouse conditions. Several studies
reported by other authors demonstrate the positive effect of oil use for pest control. In
this regard, some studies have shown favorable responses to oil application. For example,
Diaz-Ndjera et al. (2019) evaluated the biological effectiveness of Saf-T-Side® against
Aphis gossypii in squash and reported an effectiveness of 82.06%. Likewise, Varela (2013)
reported that Diaphorina citri nymphs treated with Saf-T-Side® showed a mortality rate
of 99% at 16 days after application. In the present study, the high dose (2000 mL) of Saf-
T-Side® in the second evaluation of Experiments I and II showed the lowest population

Table 3. Mean values, calculated frequencies (Fc), and coefficients of variation according to the response
variables in Experiments I and II.

Fc Experiment C.V (%) Experiment

I 11 I II
Pre-evaluation 1.17 NS 5.06 NS 48.49 26.41
Evaluacién 2 0.19%* 3.04%* 71.15 48.17
Evaluation 3 0.54%* 2.41%% 64.68 41.13
Evaluation 4 2.71%% 0.48%* 93.38 86.09
Evaluation 5 0.96%* 12.69%* 89.14 72.84

** Highly significant differences, NS=Not significant
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Table 4. Number of aphids across five evaluations in Experiment I (field) and Experiment II (greenhouse).

Number | Treatment Evaluation
la 2a ‘ 3a ‘ 4a ‘ S5a
Experimen I

1 T1 367.11 a* 457.56 a 730.67 a 1062.8 a 864.1 a
2 T2 322.56 a 185.56 be 570.78 ab 358.7b 357.7Db
3 T3 480.56 a 292.89 ab 213.78 cd 218.3b 152.8 cb
4 T4 346.89 a 255.44 ab 319.44 bed 263.2b 211.2 cb
5 T5 460.33 a 221.44 abc 165.33 cd 175.7b 139.0 cb
6 T6 354.33 a 214.89 be 369.67 cd 221.3b 187.0 cb
7 T7 456.00 a 157.78 be 216.00 cd 89.2 b 100.1 cb
8 T8 548.33 a 18.11 ¢ 10.67 d 0.0b 1.6¢c

HSD,, o5 299.03 237.2 310.39 412.37 331.74

Experimet II

1 T1 544.56 a 542.11 a 864.33 a 872.7 a 843.33 a
2 T2 531.11a 253.11b 556.11b 767.6 a 261.78 b
3 T3 629.33 a 233.56 bc 197.67 de 231.6 b 165.56 b
4 T4 545.56 a 188.89 bc 335.78 cd 132.6 b 171.67 b
5 T5 42744 a 224.11 be 281.11 cd 189.6 b 226.44 b
6 T6 444.00 a 205.00 be 428.11 be 220.9b 256.67 b
7 T7 575.33 a 90.33 cd 175.56 de 275.0b 106.89 b
8 T8 503.56 a 11.22d 15.78 e 0.0b 0.22 b

HSDy 5 205.04 155.66 217.01 428 273.66

*Treatments with the same letter are not statistically different according to Tukey’s test. HSD,, j5: Honestly
Significant Difference. T'1: untreated control; T2: mineral oil (Saf—T—Side® 500 mL); T3: mineral oil (Saf-T-
Side® 750 mL); T4: mineral oil (Saf—T—Side® 1000 mL); T'5: mineral oil (Saf—T—Side® 1250 mL); T6: mineral
oil (Saf—T—Side® 1500 mL); T7: mineral oil (Saf—T—Side® 2000 mL); T8: SIVAN TO® (flupyradifurone).

incidence and, therefore, the highest biological effectiveness against M. sacchari, with
percentages of 65.52% and 83.34%, respectively. This effect is attributed to the insect’s
mechanism of action, as described by Porcura (2011), who indicated that the primary
cause of mortality in insects produced by mineral oils is anoxia; that is, oils block the
insect spiracles, causing suffocation and ultimately death. On the other hand, Najar-
Rodriguez et al. (2007) evaluated the effect of nC24 oil on Aphis gossypii Glover in cotton
and found that petroleum spray oils at concentrations between 1 and 10% were highly
effective in controlling the pest; they also determined that the oil can kill insects through
direct contact.

In the present study, the reduction in population fluctuation was affected from the
first application of mineral oil. Najar-Rodriguez ez al. (2007) reported that mineral oils are
effective and remain so up to six days after field application, although most aphid mortality
occurs within the first two days after application.

Additionally, Gonzales et al. (2006) reported that the mineral oil Saf-T-Side® showed
a significant effect on Bemisia spp. nymphs in eggplant at a dose of 1000 mL ha™'; this

effectiveness is comparable to the doses of 500 mL and 1500 mL evaluated in the present
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study. Davidson et al. (1991) indicated that mineral oil interferes with insect gas exchange,
causing asphyxiation and death by forming an impermeable film over the insect’s body.

In both Experiments I and II, the product SIVAN TO® showed high effectiveness,
ranging from 82 to 100% across all evaluations. In this regard, Guevara et al. (2016) reported
that the application of SIVANTO® (flupyradifurone) achieved 70.62% effectiveness in the
chemical control of aphids in sorghum. However, chemical control of aphids is erratic and
unpredictable, and loss of susceptibility has been associated with genetic and agronomic
factors of host plants as well as environmental conditions (Godfrey, 2001).

Biological effectiveness of Experiment I (field)

Treatment application resulted in significant differences for the biological effectiveness
variable, as shown in Figure 1. The untreated control showed the highest insect incidence,
whereas the remaining treatments achieved the following biological effectiveness
percentages: T2 (Saf—T—Side® 500 mL) 41.74%, T'3 (Saf—T—Side® 750 mL) 60.61%, T4 (Saf-
T-Side® 1000 mL) 61.24%, T5 (Saf-T-Side® 1250 mL) 64.84%, T6 (Saf-T-Side™ 1500 mL)
59.41%, T7 (SafT-Side™ 2000 mL) 68.64%, and T8 (SIVANTO®™) 84.48%, respectively.
Although mineral oils act primarily by causing insect asphyxiation, they may also exert a
repellent effect and reduce oviposition (Stansly, 2000). The results indicate that the mineral
oil Saf-T-Side® from the third treatment onward showed a biological effectiveness greater
than 60% against M. sacchari. Similarly, Sieburth et al. (1998) reported that the mineral oil
SunSpray® Ultra-Fine provided control of Bemisia tabaci puparia and nymphs, causing
94-99% and 50-75% mortality, respectively, as well as abnormal development in surviving
nymphs, demonstrating that mineral oil is effective for the control of sucking insects.

On the other hand, in another study, Gonzales (2006) reported that mineral oils were
effective for controlling Lepidosaphes gloverii in Valencia orange and that they are products

with lower aggressiveness toward parasitoids, hymenopterans, and entomopathogenic fungi.
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Figure 1. Biological effectiveness of the products used in Experiment I (field). HSD,, ;5: Honestly Significant
Difference.



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/qczw9k20 251

Biological effectiveness of Experiment II (greenhouse)

Figure 2 shows the biological effectiveness generated by treatment application under
greenhouse conditions (Experiment II), where the results indicate the presence of significant
differences. The untreated control exhibited the highest aphid abundance and, therefore,
0% biological effectiveness, as no control measure was applied. In contrast, the remaining
treatments, starting from treatment 2, produced the following biological effectiveness
percentages: T2 (Saf“I-Side® 500 mL) 84%, T3 (Saf-T-Side® 750 mL) 61%, T4 (Saf-I-
Side® 1000 mL) 84%, T5 (Saf-T-Side® 1250 mL) 74%, T6 (Saf-T-Side® 1500 mL) 87%,
T7 (Saf—T—Side® 2000 mL) 88%, and T8 (SIVAN TO®) 93%, respectively. Thus, biological
effectiveness against M. sacchari under controlled conditions was up to 50% higher for all
treatments evaluated compared with the results obtained under field conditions. This
indicates that, in the greenhouse, where controlled conditions prevailed, treatments were
more effective due to the absence of losses caused by volatilization. Stansly et al. (2000)
indicated that the toxic response of oils is not the only way in which they may protect
treated plants from pest damage, as oils can also form a film on the plant surface. Likewise,
Butler et al. (1993) reported a study conducted in cucumber under heavy infestation
of Bemisia spp., in which applications of 0.5% soybean oil and SafT-Side™ resulted in
captures of 157 and 268 flies per trap, respectively, compared with 522 in the untreated
control, indicating that petroleum-derived mineral oils are effective against insect pests.
Additionally, Macias et al. (2013), in controlling Diaphorina citri psyllids, evaluated mineral
oil at concentrations of 1 and 2%, showing reductions in nymph populations of 91.6%
and 92.8%, respectively. The results of these studies indicate that oils sprayed onto foliage
are effective against nymphs and also demonstrate significant mortality of psyllid eggs.
Similarly, Cabrera (2006) reported that the mineral oils Rocio Spray® and Sun Spray®
achieved mortality effectiveness of 96% and 95%, respectively, against mobile stages of the

citrus rust mite P. oleivora, results that are consistent with those found in the present study.
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Figure 2. Biological effectiveness of the products used in Experiment II (greenhouse). HSD,, 5: Honestly
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CONCLUSIONS

The highest concentration of Saf“T-Side® achieved significant control of Melanaphis
sacchari populations under both field and greenhouse conditions, demonstrating its
potential as an ecological alternative to synthetic insecticides.

The treatments evaluated for the control of the sugarcane aphid showed greater control

efficiency under greenhouse conditions than under field conditions.
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ABSTRACT
Objective: To determine the ability of the sheep oocyte (Ovis aries) to generate cloned bovine embryos (Bos
taurus), through interspecies Somatic Cell Nuclear Transfer 1ISCNT) by Handmade Cloning (HMC).
Design/methodology/approach: For iSCNT, fifth-passage bovine skin fibroblasts were used as karyoplasts,
and in vitro-matured, manually enucleated ovine oocytes were used as cytoplasts. Cytoplast-karyoplast-
cytoplast triplets were formed, which were fused by electrical pulses and activated for the development of
cloned bovine embryos, which were cultured in Cleavage medium. Additionally, some ovine oocytes were
activated as parthenogenetic embryos to serve as a control group. The in vitro development rate (IVD) of the
1ISCNT group (BOV-OV) vs. parthenogenetic ovine embryos (G-OV) was evaluated using a two-way Student
t-test for paired data.

Results: It was observed that in the BOV-OV group, bovine cloned embryos produced by iSNCT using HMC
only reached the morula stage (20 blastomeres), while in the G-OV blastocysts were observed with significant
differences (p=<0.05).

Limitations on study/implications: Limited sample size of slaughterhouse ovaries.

Findings/conclusions: Although ovine oocytes were able to initiate the

IVD of cloned bovine embryos produced by iSCNT using HMC, species

divergence proved to be a critical limiting factor for reaching the
blastocyst stage.

Keywords: bovine, ovine, handmade cloning, interspecies.

INTRODUCTION
Reproductive biotechnologies used in animals
enable the growth of populations of species with

high genetic value, especially when their numbers are
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critically low. Moreover, these technologies support the conservation, preservation, and
dissemination of genetic material from individuals with superior traits compared to others
of their kind (Loi et al., 2011; Lagutina et al., 2013; Yelisetti ez al., 2016; Galli et al., 2021;
Mrowiec et al., 2021).

The genetic rescue of selected individuals has led to numerous studies in domestic
species, aiming to extrapolate findings to other animal populations or specific individuals.
One such approach is Somatic Cell Nuclear Transfer (SCN'T), or cloning, which is used to
generate embryos with genetic material identical to that of an existing specimen. In 1938,
Hans Spemann first reported a technique based on this principle, applying it to amphibians
(as cited by Wilmut et al., 1997). Later, in 1997, Wilmut and colleagues achieved the birth
of the sheep Dolly. This milestone demonstrated that the genome of an adult somatic cell
retains all its genetic information, despite being a specialized cell type. In other words,
although the genome undergoes restrictions during development and changes during
cellular differentiation, these are reversible, as they result from epigenetic modifications
rather than permanent alterations to the genome (Verma et al., 2015; Gouveia et al., 2020;
Galli et al., 2021).

Among the limitations of this technique is the restricted availability of oocytes from
wild animals. As an alternative, ISCN'T involves using a somatic cell from the species to
be cloned as the nuclear donor (karyoplast) and inserting it into an enucleated oocyte
(cytoplast) obtained from a species belonging to a completely different order or taxon.
This approach offers the possibility of generating viable and transferable cloned embryos
(Beyhan et al., 2007; Gonzélez-Grajales et al., 2016; Yu et al., 2016; Saini et al., 2018;
Ammari et al., 2022). Therefore, iISCNT is employed to conserve wildlife species from
which oocytes cannot be collected, species with challenging reproductive management,
or those with limited oocyte availability (Saikhun et al., 2002; Pan ez al., 2014). Using this
method, the gaur (Bos gaurus) (Lanza et al., 2000; Srirattana et al., 2012) and the gray wolf
(Canis lupus) (Oh et al., 2008) have been successfully cloned.

Interspecies Somatic Cell Nuclear Transfer is more efficient when the donor karyoplast
and the recipient cytoplast come from species with similar reproductive physiology,
pregnancy length, and placental type (Melo et al., 2022).

In species that can naturally hybridize or share a closer phylogenetic relationship, the
likelihood of embryos developing and producing live offspring is higher (Lagutina et al.,
2013; Mrowiec ¢t al., 2021). However, Dominko et al., (1999) fused ovine somatic cells with
enucleated bovine oocytes to study nucleus-cytoplasm interactions in embryos generated
via 1ISGN'T, achieving a blastocyst rate of 13.9%.

Even when enucleated, the oocyte retains the ability to reprogram the nucleus of a
somatic cell, returning it to an undifferentiated and totipotent state capable of producing
aviable embryo (Jiang et al., 2011; Seaby et al., 2013; Saini et al., 2018; Galli et al., 2021),
without altering the transplanted genome (Dominko et al., 1999; Gurdon & Wilmut,
2011). In a study published by Hamilton (2004), ovine oocytes were used as recipients
for bovine somatic cell nuclei to clone bovine embryos via iISCGN'T; however, the results
were inconclusive, with only four cloned embryos reaching at least the 8-cell stage. The
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present study aimed to determine the ability of ovine oocytes (Ovis aries) to generate
bovine cloned embryos (Bos taurus) through iISCN'T by Handmade Cloning (HMC).

The hypothesis was that, since both species belong to the same family and
mammalian oocytes contain all the necessary information to produce an embryo, using
ovine oocytes as cytoplasts will enable the in vitro development (IVD) of cloned bovine
embryos produced via iSCNT from adult bovine fibroblasts. This approach could serve
as an alternative for the reproduction and conservation of individuals with valuable,
productive traits.

MATERIALS AND METHODS

This study was carried out at the Assisted Animal Reproduction Laboratory W-210 of
the Universidad Auténoma Metropolitana, Iztapalapa Campus, in Mexico City, Mexico.
All reagents were purchased from Sigma-Aldrich unless otherwise specified.

Collection of Auricular Skin and Derivation of Bovine Fibroblasts

Following the protocols described by Tovar et al., (2008) and Navarro-Maldonado et al.,
(2015), skin biopsies were taken from the dorsal side of the ear of an adult female Simbrah
bovine, housed at the Agricultural Production Research Center of the Universidad
Auténoma de Nuevo Leén (CIPA-UANL). A 1 cm? area on the back of the ear was shaved,
washed with a 2% chlorhexidine solution (Laboratorio Aranda, Mexico), and disinfected
with 70% alcohol. Three skin samples, each 0.3 cm? in diameter, were collected using a
biopsy punch (Pickett, 2011) and transported in tubes containing 10 mL of Dulbecco’s
Modified Eagle Medium (DMEM, In Vitro, S.A., Mexico), supplemented with 10% Fetal
Bovine Serum (FBS, Biowest, Nuaillé, France), 2% antibiotic-antimycotic (Antibac-Antifun,
In Vitro, S.A., Mexico), and kept at 4-8 °C.

Once in the laboratory, the samples were washed in DPBS (Dulbecco’s Phosphate-
Buffered Saline without calcium or magnesium, /n Vitro, S.A., Mexico), supplemented
with 2% of a 100X antibiotic-antimycotic solution Antibac-Antifun at pH 7 (10,000
IU/mL Sodium Penicillin G, 10,000 ug/mL Streptomycin Sulfate, and 25 ug/mL
solubilized Amphotericin B, In Vitro, S.A., Mexico) for 3 min, with the wash repeated
twice (Santos et al., 2021). The skin samples were then cultured as explants in 35 mm
Petri dishes with 3 mL of supplemented DMEM (88% DMEM, 10% FBS, 2% Antibac-
Antifun), enriched with 1 ng/mL Epidermal Growth Factor (EGF), and incubated at
38.5 °C with 5% CO, in 95% air and saturated humidity for at least 7 days or until a
confluent fibroblast layer was obtained (Navarro-Maldonado et al., 2015). Fibroblast
confluence (>90%) was assessed, and cells were detached from the extracellular matrix
using an enzymatic solution of 0.05/0.05% Trypsin-Versene (In Vitro, S.A., Mexico). The
fibroblasts were collected, with half of the population subcultured for cell passages and
the remainder cryopreserved in a DMSO-based medium (Sigma-Aldrich, USA). These
steps were repeated until five cell passages were completed, as required for iSCN'T. Cell

concentration was determined at each passage using a Neubauer chamber, following
Freshney (2010).
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Collection and In Vitro Maturation (IVM) of Ovine (Ovis aries)
Cumulus-Oocyte Complexes

Cumulus-oocyte complexes (COC) were obtained from ovine ovaries collected at a
local slaughterhouse. The ovaries were transported in physiological saline solution (PSS)
supplemented with 2% antibiotics at 30 °C for 1 to 2 h (Martinez-Ibarra et al., 2019). Upon
arrival at the laboratory, the ovaries were washed three times with isothermal PSS. The
COC were then collected by puncture/aspiration of ovarian follicles (2 to 5 mm in diameter)
using a 10 mL syringe with an 18-gauge hypodermic needle in TCM-199 medium with
HEPES (In Vitro, S.A., Mexico), supplemented with 100 IU/mL of heparin at 30 °C. The
COC were evaluated and selected based on quality grades I and II for in vitro maturation
(IVM) (Yadav et al., 1997).

In vitro maturation was performed in TCM-199 without HEPES, supplemented with
10% I'BS, 10 ng/mL Epidermal Growth Factor (EGF), recombinant Follicle-Stimulating
Hormone (FSH; 0.1 IU/mL; Gonal-F, Merck), 5 IU/mL equine Chorionic Gonadotropin
(eCG; Gonaforte, Parfarm S.A., Mexico), and 0.6% antibiotics. Groups of 30 COC were
then cultured in four-well dishes (Nunc, USA), each containing 500 L of IVM medium
covered with mineral oil for 20 h (Martinez-Ibarra et al., 2019).

Cloning of Bovine-Ovine (BO-OV) Embryos via iSCNT

Preparation of Bovine Karyoplasts

Bovine fibroblasts from the fifth passage were used as nuclear donors (karyoplasts) for
iSCNT (Beltran & Gonzdlez, 2016; Cortez et al., 2017). Before iISCN'T, cells were detached
from their extracellular matrix by adding a 0.05/0.05% Trypsin-Versene enzymatic solution
(In Vitro, S.A., Mexico) for 8-10 min. They were then placed under incubation conditions,

followed by enzyme inactivation using DMEM supplemented with 1% FBS.

Preparation of Ovine Cytoplasts

After 20 h of IVM, cumulus cell expansion in the COC was evaluated. The COC
were removed from the IVM medium and incubated in a 1.5 mL tube with 500 uL of
hyaluronidase (0.5 mg/mL in TCM-199 without HEPES) for 5 min under the same
conditions. The suspension was gently pipetted to disperse the cumulus cells. The
contents were transferred to a 35 mm Petri dish, and denuded oocytes were recovered
and washed in 500 uL. of TCM-199 supplemented with 2% FBS (T2). Oocytes showing
a first polar body (PB), indicating arrest at Metaphase II (MII), were selected. To
induce protrusion of the metaphase plate, MII oocytes were incubated in the same
IVM medium supplemented with Demecolcine (0.5 ug/mL) for 1 h. To remove the
zona pellucida (ZP) and enucleate the oocytes, a Petri dish was prepared with 30 uL
microdrops of: T2, Pronase (2 mg/mL in TCM-199 supplemented with 10% FBS or
T10), TCM-199 supplemented with 20% FBS (1T20), T10 (supplemented with 0.05%
Cytochalasin B), and T20.

Oocytes were passed through each microdrop and manually enucleated for HMC in
T10 with Cytochalasin B using a microblade (Bioniche, USA), as described by Vajta et
al. (2001). This procedure removed the metaphase plate along with the polar body (PB)
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(Cortez et al., 2017; Vazquez-Avendano et al., 2024). Once enucleated, the cytoplasts were
placed in T20 microdrops before fusion with the karyoplasts.

Formation and Fusion of Cytoplast-Karyoplast-Cytoplast Triplets

In a 35 mm Petri dish, 15 uL. microdrops were prepared containing: 120,
phytohemagglutinin (5 mg/mL in TCM-199 with HEPES), T2, fusion medium (0.3
M D-mannitol, 1 mg/mL polyvinyl alcohol), and T20. Ovine cytoplasts were placed
individually into the T20 microdrops. Groups of five cytoplasts were then briefly immersed
(3 to 4 s) in the phytohemagglutinin microdrop to facilitate the formation of triplets,
composed of ovine cytoplast, bovine karyoplast, and ovine cytoplast. These cellular triplets
were equilibrated in the fusion medium and aligned on the positive electrode of the fusion
chamber (BTX, 0.5 mm gap, model 450, Holliston, MA, USA). Fusion was induced using
a single direct current (DC) pulse of 1.0 kV/cm for 9 us. The fused structures were then
transferred to T20 microdrops for reconstitution into a single cell (reconstructed cloned
embryo). This process was repeated with the remaining cytoplasts (Vajta et al., 2001).

In Vitro Development (IVD) of Cloned Bovine (BO-OV) Embryos via iSCNT

The reconstructed cloned bovine (BO-OV) embryos generated through iSCNT via
HMC were chemically activated by incubating them in 1 mL of T2 supplemented with
8 ug/mkL of calcium ionophore (A23187) for 5 min, followed by three washes in 1 mL of
T20. They were then transferred to 200 uL of Cleavage medium (Cook Medical, IN, USA)
containing 2 mM 6-DMAP (6-dimethylaminopurine), covered with mineral oil, to initiate
nuclear reprogramming (Vazquez-Avendano et al., 2024). Each embryo was individually
placed in 2 4L, microdrops of the same supplemented Cleavage medium and incubated for
4 h under previously described conditions.

For embryo culture, the Well of the Well (WOW) system was used. Microwells were
created inside a four-well dish (Nunc, USA) using a punch tool, corresponding to the
number of viable reconstructed cloned embryos (Navarro-Maldonado et al., 2015). Each
cloned embryo was placed individually into a microwell containing 100 u#L of Cleavage
medium covered with mineral oil and incubated for 7 days under the same conditions to
assess the IVD rate.

Development of Ovine Parthenogenetic Embryos (G-OV)

A group of ovine oocytes at the MII stage were chemically activated following the same
protocol used for cloned embryo activation, in order to produce parthenogenetic embryos
as a control for the culture system (G-OV).

Determination of Embryo Quality Based on Number of Nuclei Present

To assess embryo quality based on the number of nuclei, DAPI staining, and
epifluorescence microscopy were used. This method allows visualization of blastomere
nuclei and analysis of cellular fragmentation.

At the end of IVD, embryos were washed in DPBS without antibiotics and fixed in 4%
paraformaldehyde for 15 min. They were then incubated in a DAPI (4°,6-diamidino-2-
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phenylindole) solution at 1 #g/mL for 10 min, covering the culture dish. Excess stain was
removed by washing with DPBS. For evaluation under epifluorescence microscopy, UV-
2A filters with a wavelength range of 330-380 nm were used. The presence of nuclet in
the blastomeres was observed (Tarnowski e al., 1991). To compare the IVD rate between
the BO-OV and G-OV groups, a two-tailed paired Student’s t-test was applied using
GraphPad Prism version 9.5 (MA, USA), with statistical significance set at p<0.05.

RESULTS AND DISCUSSION
Bovine Fibroblast Cultures

After five cell passages, a total fibroblast concentration of 7,892,900 cells was obtained,
consistent with the surface area provided for cell growth. These results align with findings
reported by Takashima (1998) and Seluanov et al., (2010), who concluded that by the
fifth passage, cells reach genetically stable, suitable conditions for use as nuclear donors.
Similarly, Baranyi et al., (2019) and Cortez ¢t al., (2021) agree that genetic stability and
appropriate phenotypic characteristics are maintained between the fifth and tenth
passages. In contrast, exceeding this range may lead to genetic drift, changes in growth

rate, and morphological alterations.

In Vitro Maturation of Ovine COC

Five experimental replicates were performed using 364 ovine ovaries, from which a
total of 614 oocytes were collected (100% of the initial group), averaging 1.6 oocytes per
ovary. Of these, 352 oocytes (57%) were classified as grades A and B according to ASEBIR
criteria (2015). The next selection focused on oocytes that successfully reached IVM (MII
stage); among the 352 selected, 216 oocytes (61.36%) achieved MII. However, only 200

were used as cytoplasts following enucleation.

Cloning of Bovine-Ovine (BO-OV) Embryos via iSCNT

From the 200 enucleated ovine oocytes, a total of 100 cytoplast-karyoplast-cytoplast
triplets were successfully formed.

Table 1 and Figure 1 show the in vitro development (IVD) results of bovine-ovine cloned
embryos (BO-OV) (n=100) versus ovine parthenogenetic embryos (G-OV) (n=82), after 5
days of in vitro culture, respectively.

Of the 100 reconstructed cloned bovine embryos produced via iSCNT, 49 (49%)
underwent cleavage at various stages of IVD, while 51 (51%) exhibited fragmentation. The
highest developmental stage reached was the morula, with 15 embryos containing 15 to
20 blastomeres (30.61%). These results surpass those reported by Hamilton (2004), who
achieved only 4 cloned embryos (19%) beyond the 8-cell stage using iSCIN'T. However, they
fall short of the outcomes reported by Tecirlioglu et al., (2006), who obtained a blastocyst
(4.8%). Notably, those authors used fetal bovine fibroblasts and traditional cloning
techniques involving micromanipulators for enucleating ovine oocytes and fusing cytoplast-
karyoplast pairs. They also cultured cloned bovine embryos using the WOW system.
In contrast, the present study employed adult female bovine fibroblasts and manually
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Table 1. In Vitro Development (IVD) Rate of Bovine-Ovine Cloned Embryos (BO-OV) (n=100) and Ovine Parthenogenetic Embryos (G-OV)
(n=82) at 5 Days of Culture.

Embryonic Cleavage Stages Based on the Number
of Nucleated Cells
Embryo | Total Fragmented
Cleaved (% Morulae
Type ) (%) (%) <6 cells 7-10cells | 11-ldeells | | 70" 0 | Blastocysts
N (%)
N (%) N (%) N (%) N (%)
BO-OV 100 51(51) 49 (49) 11(22.44) 11(22.44) 12 (24.48) 15(30.61) 0 (07
G-OV 82 27 (32.92) 55 (67.07) 6 (10.90) 7(12.72) 14 (25.45) 8 (14.54) 20 (36.36)"

Different superscript letters (a, b) indicate statistically significant differences (P=0.05).

Figure 1. Bright-field and dark-field images of cloned bovine embryos and ovine parthenogenetic embryos
produced via iISCNT and stained with DAPI. 1a) Fragmented cloned bovine embryo under bright-field
microscopy. 1b) Fragmented cloned bovine embryo under dark-field microscopy, showing blastomeres
lacking visible nuclei. 2a) Cloned bovine morula with 20 blastomeres under bright-field microscopy. 2b)
Cloned bovine morula with 20 blastomeres under dark-field microscopy. 1¢) Ovine parthenogenetic embryo
at early blastocyst stage under bright-field microscopy. 1d) Ovine parthenogenetic embryo at the early
blastocyst stage under dark-field microscopy. 2¢) Ovine parthenogenetic embryo at hatched blastocyst stage
under bright-field microscopy. 2d) Ovine parthenogenetic embryo at hatched blastocyst stage under dark-
field microscopy. Images were captured using an epifluorescence microscope equipped with a UV-2A filter
(wavelength 330-380 nm) at 400X magnification.

enucleated ovine oocytes using the HMC technique, and fused cellular triplets (Vajta ez al.,
2001). Handmade cloning does not require micromanipulators for enucleation, and the

oocytes are stripped of their ZP.

Development of Ovine Parthenogenetic Embryos (G-OV)

To rule out that the low rates of BO-OV clone embryos were due to culture failures,
a group of 82 ovine oocytes was activated to produce parthenogenetic embryos (G-OV).
After 7 days of IVD, 55 embryos (67.07%) underwent cleavage at various stages, while 27
(32.92%) showed fragmentation. The rate of parthenogenetic blastocyst formation was 20
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embryos (36.36%), distributed as follows: 6 early blastocysts (30%), 4 late blastocysts (20%),
4 hatching blastocysts (20%), and 6 hatched blastocysts (30%).

DAPI staining confirmed the presence of blastomere nuclei in the ovine parthenogenetic
embryos (G-OV) that reached the blastocyst stage (Figure 2).

It 1s known that in 1SCN', the degree of embryonic cleavage depends on the
mitochondrial genome of one of the two species involved in the cloning process. Therefore,
the fusion, activation, and development of cells from genetically distinct species often result
in poor embryo development. One possible cause is reduced ATP production, coupled
with the failure of interaction between subunits encoded by mitochondrial DNA (mtDNA)
and the polypeptides involved in the electron transport chain (Jiang et al., 2011; Selokar ez
al., 2011).

The condition of heteroplasmy observed in cloned animals —where different mtDNA
genotypes coexist within the cloned embryo, originating from both the somatic donor cell
and the recipient oocyte— is a factor that leads to metabolic disturbances. This is because
the presence of mitochondria from different origins disrupts the respiratory chain and
genetic stability, creating mitochondrial incompatibility that affects development and
long-term health. Such incompatibility may influence physiological traits and predispose
individuals to mitochondrial diseases, ultimately impacting reproductive efficiency
(Mrowiec et al., 2021).

On the other hand, although the present study aligns with findings by Jiang et al.,
(2011), Seaby et al., (2013), Saini et al., (2018), and Galli ez al., (2021) who demonstrated
that mammalian oocytes contain the necessary information to reprogram donor nuclei
by dedifferentiating them to produce cloned embryos, even across unrelated species
—this nuclear reprogramming remains incomplete. This is because the donor nucleus
can induce abnormal epigenetic modifications that disrupt the expression of key genes
involved in early embryonic development, such as: OCT4 (regulator of pluripotency),
T-FAM (responsible for mitochondrial DNA stability, maintenance, and transcriptional
control), BAX (pro-apoptotic), BCL-2 (anti-apoptotic), and GJAl (major gap junction
protein expressed in cumulus cells) (Ishino ez al., 2018; Mrowiec et al., 2021; Adams et al.,
2022; Melo et al., 2022).

Additionally, embryo cloning increases the incidence of developmental asynchrony,
leading to a higher rate of developmental arrest compared to in vivo conditions. This explains

the elevated fragmentation rate observed in early stages of in vitro development (Mrowiec

Figure 2. Ovine Parthenogenetic Blastocysts Stained with DAPI. Nuclei and the spatial arrangement of cells within the inner cell
mass (ICM) and trophectoderm are clearly visible. Images were captured using an epifluorescence microscope equipped with a
UV-2A filter (wavelength 330-380 nm) at 400X magnification.
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et al., 2021; Adams et al., 2022). Furthermore, when the taxonomic relationship between
cytoplasts and karyoplasts is distant, embryonic development tends to be blocked at early
stages. In contrast, development progresses more effectively when donor and recipient cells
originate from species with close taxonomic proximity in terms of reproductive physiology,
placental type, and gestation duration (Miyamoto, 2019; Malin ez al., 2022).

Interspecies Somatic Cell Nuclear Transfer could contribute to the generation of
maternal-embryonic cell lines, which may be used for recloning (Loi et al., 1998; Cibelli
et al., 2002). This would expand our understanding of embryonic development, as well
as the enzymatic and genetic components involved, including incompatibility between
mitochondrial DNA (mtDNA) and nuclear DNA, mitochondrial heteroplasmy, challenges
in embryonic genome reactivation, and issues related to communication between mtDINA

and nuclear genes (Mrowiec et al., 2021).

CONCLUSIONS

Although ovine oocytes were capable of initiating the in vitro development of cloned
bovine embryos using HMC, species divergence remains a critical factor in achieving the
blastocyst stage. Nevertheless, the use of cytoplasts from species different from the nuclear
donor opens up possibilities for generating embryos in species that share physiological
and reproductive traits, offering a potential strategy for safeguarding valuable genetic

material.
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ABSTRACT

Objective: To evaluate the effect of Phi application on the control of a grass weed population composed
predominantly of stargrass (Cynodon nlemfuensis and C. plectostachyus) and native grasses (Axonopus spp., Cynodon
spp., and Paspalum spp.) in sugarcane cultivation.

Design/methodology/approach: Three 2X2 m plots were established to evaluate foliar spraying with 0, 400,
and 800 mM Phi. The trial was conducted in a one-year-old ratoon sugarcane field. Toxicity level, damaged
leaf area, and percentage of weed population controlled were assessed through image analysis using Image]
software. Additionally, antioxidant activity and total chlorophyll concentration in leaf tissue were measured.
Data were processed using RStudio version 1.2.5033 (analysis of variance and Tukey’s test).

Results: Phi exhibited moderate toxicity at 400 mM and high toxicity at 800 mM. The predominant undesired
vegetation included stargrass species (Cynodon nlemfuensis and C. plectostachyus) and native grasses of the genera
Axonopus, Cynodon, and Paspalum. Despite clear foliar damage at both Phi concentrations, most weeds recovered
within two to three weeks after application, indicating an efficient physiological strategy to counteract Phi-
induced stress. This represents a challenge for the use of Phi as an herbicidal agent. Damaged leaf area
reached 20.38% at 400 mM and nearly 51% at 800 mM Phi. Antioxidant activity increased with higher Phi
concentrations, whereas total chlorophyll content declined as Phi dosage increased.

Limitations on study/implications: This study focused solely on the effects of phosphorous acid-derived Phi
on grass weeds in one-year-old sugarcane. Further research is needed to assess its impact throughout the crop
cycle and on a broader range of grass weed species.

Findings/conclusions: Foliar applications of 400 and 800 mM Phi caused moderate and severe phytotoxic
effects, respectively, but were not sufficient to effectively control Poaceae weed populations in sugarcane.

Keywords: Weeds, undesired vegetation, sugarcane agroecosystems, phosphite, alternative herbicides.

INTRODUCTION
Phosphorous acid (PhA) and its conjugate base, phosphite (Phi), can be used as an

alternative to glyphosate for controlling undesired vegetation, since its application at high

concentrations can induce phytotoxicity and plant death (Li ez al., 2025).
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In Mexico, sugarcane (Saccharum spp. hybrids) is the second most important
agroindustrial crop economically, following maize (Zea mays L.), with estimated values of
4.4 and 5.4 billion USD, respectively (Statista, 2025). Currently, sugarcane is cultivated
on approximately 800,000 hectares across 15 states and 290 municipalities, generating
around 500,000 direct jobs and approximately 2 million indirect jobs (PRONAC, 2020;
CONADESUCA, 2024).

Although this crop is highly efficient at capturing solar energy and converting it into
biomass and sugar, its productivity relies heavily on the intensive use of fertilizers and
herbicides (Patel et al., 2024). Considering this, a growing trend is the development of
sustainable alternatives for weed management in agriculture to reduce or replace the use
of glyphosate (Gandhi et al., 2021; Turek ez al., 2022). Among these alternatives, phosphite
is gaining attention as an ion with herbicidal potential against numerous weed species in
strategic crops worldwide (Achary et al., 2017; Trejo-Téllez et al., 2024; Li et al., 2025).

Phosphorus (P) is an essential element for higher plants, primarily absorbed as inorganic
phosphate (Pi), in the form of H,PO, and HPOi_ anions (Puga et al., 2024). In the
plasma membrane of plant cells, Pi uptake is facilitated by specific transporter proteins
(PHT, Phosphate Transporter Family), which are also capable of absorbing other inorganic
phosphorus forms such as the phosphite anions (Phi: Hy,PO; and HPOg_ ).

Phi 1s an 1sostere of Pi, differing by the replacement of one oxygen (O) atom bonded
to phosphorus with a hydrogen (H) atom. Despite this structural similarity, Phi cannot
substitute Pi as a source of phosphorus once inside the plant cell and can even attenuate
phosphate starvation responses (PSR), leading to phytotoxic effects if not properly managed
(Achary et al., 2017; Trejo-Téllez et al., 2024). This occurs because Phi triggers a false
sufficiency signal for Pi, thereby suppressing the molecular pathways involved in phosphate
deficiency responses (McDonald et al., 2001).

The deprotonation of phosphorous acid (PhA; H;PO,) and phosphoric acid (PiA;
H;PO,) generates the Phi and Pi anions, respectively. In both cases, protons are sequentially
released, first forming H,PO; and H,PO; , followed by HPO;~ and HPO]~ . However,
the loss of a third proton is only feasible for the HPO?; anion, since in HPOg_ the
tetrahedral structure is formed by a hydrogen atom directly bonded to phosphorus instead
of a fourth oxygen atom, which is present in HPO?}_ (Trejo-Téllez et al., 2024).

Although subtle, these structural differences have important physiological consequences.
In practice, the simple substitution of an oxygen atom with a hydrogen atom significantly
alters plant responses to the application of either anion or their parent acids. Pi serves
as the main readily available source of phosphorus for plants, whereas Phi cannot be
metabolized within plant cells, as plant genomes naturally lack genes encoding for the
enzyme phosphite dehydrogenase (PTDH or PtxD), which is required to oxidize Phi into
Pi and integrate it into metabolic processes (Irejo-Téllez and Gémez-Merino, 2018). As a
result, Phi accumulates in the cells, triggering dose-dependent hormetic responses that may
be beneficial, neutral, or harmful, depending on Pi availability, Phi concentration, plant
genotype, and other factors (Gémez-Merino et al., 2022).

This study evaluated the effect of three concentrations of phosphorous acid —resulting

in Phi anions through deprotonation— on the control of grass weeds in sugarcane
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cultivation. The concentrations tested were 0, 400, and 800 mM Phi, applied to the
foliage, with the aim of assessing their herbicidal potential in this crop.

MATERIALS AND METHODS
Experimental site, plant material, and treatments

The study was conducted in sugarcane (Saccharum spp. hybrids) fields located at the
experimental facilities of the Colegio de Postgraduados, Cérdoba Campus, in Amatldn de
los Reyes, Veracruz, Mexico (18° 517 20” N; 96° 51° 37” W; 654 m a.s.l.).

Three treatments corresponding to foliar applications of phosphite (Phi), supplied in the
form of phosphorous acid (HsPO,), were evaluated at concentrations of 0, 400, and 800
mM. Each treatment was applied to 2X2 m plots, with three replicates per treatment.

To ensure that the observed effects were solely attributable to Phi, no additional weed

control methods —manual, mechanical, or chemical— were employed.

Measured variables

Photographs of damaged foliage were taken, and the affected leaf area was quantified
using the Image] software (Rasband, 2018). Based on this information, the percentage
of damaged leaf area, the phytotoxicity level of Phi, and the proportion of controlled
vegetation were determined.

Phytotoxicity was evaluated according to the general guidelines of the EPPO PP
1/135 (4) protocol, Phytotoxicity assessment (EPPO, 2014), using the percentage of affected
leaf area as a quantitative indicator. For comparative purposes, phytotoxicity levels were
classified as follows: none or very low (0-5%), slight (>5-20%), moderate (>20-40%), high
or severe (>40-70%), and very high or total damage (>70-100%). This classification
allowed for a standardized interpretation of the visual effects of phosphite treatments on
grass weeds.

Antioxidant activity was assessed using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical method, following the procedure described by Silva et al. (2024).

The total chlorophyll concentration was determined according to the protocol described
by Jiménez-Lao et al. (2021).

Experimental design and statistical analysis

A completely randomized design was used, consisting of three treatments and three
replicates. Data were processed using the statistical software RStudio version 1.2.5033
(RStudio Team, 2016). An analysis of variance (ANOVA) was performed to determine
statistically significant differences at a 95% confidence level (P<0.05), followed by Tukey’s

test for mean comparisons.

RESULTS AND DISCUSSION
Phytotoxicity level, affected leaf area, and weed population control

Foliar application of Phi exhibited a moderately toxic effect at a concentration of 400
mM and a highly toxic effect at 800 mM, as shown in Table 1.
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The predominant species of unwanted vegetation in the assessed population were
Cynodon nlemfuensis and C. plectostachyus (commonly known as star grasses), along with
native grasses from the genera Axonopus, Cynodon, and Paspalum.

In a study conducted by Herrera-Solano et al. (2023) on Poaceae weeds in sugarcane
(Saccharum spp.) fields in the central region of Veracruz, Mexico, various species were
identified, including Brachiaria utica, Panicum purpurascens, Brachiaria fasciculata, Chloris
virgata, Cynodon dactylon, Cynodon plectostachyus, Digitaria ciliaris, Panicum maximum,
Rhynchelytrum repens, Rottboelia exaltata, and Sorghum halepense.

Despite the evident foliar tissue damage caused by the application of 400 and 800 mM
Phi, most grasses exhibited a noticeable recovery within two to three weeks post-treatment.
This rapid recovery suggests that these species possess highly efficient physiological
mechanisms to counteract the imbalances induced by Phi, posing a significant challenge
for their control using herbicidal formulations based on this anion.

In the grass weed population, leaf area was differentially affected depending on the
Phi concentration applied. At 400 mM Phi, approximately 20.38% of the foliage exhibited
visible symptoms of burn injury, whereas at 800 mM Phi, this value significantly increased
to nearly 51% (Table 2).

The application of 400 mM Phi caused phytotoxicity and mortality in approximately
6% of the weed population, while the 800 mM Phi treatment increased this value to
10.2%. Despite these initial effects, as previously noted, most plants exhibited full recovery
approximately one month after application, indicating a remarkable resilience capacity of
these species to Phi-induced stress (Table 2).

Table 1. Phytotoxicity level of phosphite (Phi) on grass weeds in sugarcane (Saccharum spp.) crops in
experimental fields in Amatldn de los Reyes, Veracruz, Mexico.

Phi (mM) 0 400 800

Toxicity level in grass
weed population

None Moderate High or severe

Visual evidence of
toxicity level

Evidence of toxicity documented 48 hours after treatment application.

Table 2. Affected leaf area and controlled weed population in response to the application
of phosphite (Phi) in grass weeds in sugarcane (Saccharum spp.) cultivation under field
conditions in Amatldn de los Reyes, Veracruz, Mexico.

Phi (mM) Affected leaf area (%) Controlled population (%)
0 0.00 ¢ 0.00 ¢
400 20.38 b 5.79b
800 50.67 a 10.23 a

Data recorded 48 hours after treatment application. Means followed by different letters
within each variable are statistically different (Tukey; P<0.05).
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The stoloniferous grass species evaluated in this study exhibited notable resistance to
systemic herbicides, primarily because their leaves absorb only a fraction of the applied
compound, which is not efficiently translocated to the roots and stolons (UNL, 2011; Beck
et al., 2013). For instance, in German grass (Echinochloa polystachya), the application of the
herbicides cyhalofop and penoxsulam resulted in only 37% stolon control, while quinclorac
achieved just a 12% reduction (Bottoms et al., 2011). In the case of Bermuda grass (Cynodon
dactylon), stolons that come into contact with the pre-emergent herbicide oxadiazon absorb
only minimal amounts of the compound, preserving the root system almost intact, which
facilitates rapid regrowth after treatment (Beck et al., 2013).

Antioxidant activity and chlorophyll content

The antioxidant activity recorded in the grass weeds showed a positive correlation with
the applied Phi concentration, with significant differences observed among treatments
(Table 3). Plants treated with 800 mM Phi exhibited the highest antioxidant activity, with
a 65% increase compared to the control. Similarly, the application of 400 mM Phi resulted
in a 52% increase in antioxidant activity relative to untreated plants.

In contrast, the total chlorophyll concentration decreased significantly with increasing
Phi concentration. The highest mean value was recorded in the control group (3.51 mg
g_l fresh weight), whereas treatments with 400 and 800 mM Phi resulted in reductions
to 2.19 and 1.23 mg g_1 fresh weight, respectively. These reductions correspond to
approximately 37.6% and 62.3% relative to the value observed in plants not treated with
Phi (Table 3).

Herbicides can induce oxidative stress in plants, thereby activating defense mechanisms
such as increased antioxidant activity (Caverzan et al., 2019). This response is associated
with the generation of reactive oxygen species (ROS), which accumulate as a consequence
of herbicide-induced oxidative damage. In this context, plants with greater herbicide
tolerance often exhibit enhanced antioxidant activity as an adaptive strategy (Eceiza et al.,
2023). In the present study, total antioxidant activity increased significantly with rising Phi
concentrations, suggesting that this compound acted as a stressor that triggered antioxidant
responses in grass weed species.

Herbicides such as iodosulfuron-methyl, clodinafop-propargyl, and 2,4-D can reduce
chlorophyll and carotenoid contents while simultaneously inducing oxidative stress by

Table 3. Total antioxidant activity and total chlorophyll concentration in grass weeds
in sugarcane (Saccharum spp.) in response to foliar application of phosphite (Phi) under
field conditions in Amatldn de los Reyes, Veracruz, Mexico.

Phi (mM) Total ?;;i(;fildFax ;)ctivity To(::lgc;_l??&lglls
0 448.92 ¢ 3.51a
400 683.34 b 2.19b
800 745.12 a 1.23 ¢

Data recorded 48 h after treatment application. Means followed by different letters
within each column are significantly different (Tukey; P<0.05). FWB: Fresh weight
biomass.
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increasing hydrogen peroxide (H,O,) levels and lipid peroxidation, both in wheat (7riticum
aestivum) and perennial ryegrass (Lolium perenne) (Tarouco et al., 2024). In agreement with
these findings, the present study also recorded a significant reduction in total chlorophyll
concentrations in response to Phi applications, reinforcing the compound’s potential
phytotoxic effect on leaf tissue.

Plants activate their antioxidant defense system in response to oxidative stress, which
is divided into two components: enzymatic and non-enzymatic. The enzymatic system
is composed, as the name implies, of enzymes such as superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD), among others. The non-enzymatic system includes
compounds such as chlorophylls, carotenoids, glutathione, and polyphenols (Rao et al.,
2025).

Hasan et al. (2022) evaluated the efficacy of WeedLock, a broad-spectrum plant-based
bioherbicide (a.i. EGX-101™, a natural derivative from Solanum habrochaites), on ageratum
(Ageratum conyzoides), goosegrass (Eleusine indica), red amaranth (Amaranthus gangeticus), and
maize. The herbicide caused significant reductions in chlorophyll content and disrupted
photosynthetic processes in all treated species. The greatest inhibition of photosynthesis
was recorded in A. conyzoides, with a 74.88% decrease observed 24 hours after application.
In all evaluated species, malondialdehyde (MDA) levels increased by more than 100%,
accompanied by elevated proline concentrations —both physiological indicators of
oxidative stress. Plants exhibited chlorosis and signs of wilting as early as one hour after
treatment application.

In several species of the genus Urochloa, increasing doses of glyphosate significantly
reduced the quantum efficiency of photosystem II and the electron transport rate, with
more pronounced effects under shaded conditions (de Oliveira et al., 2024).

In the present study, foliar application of 400 and 800 mM Phi caused severe damage
to the leaf tissue of grass weeds. Nevertheless, most plants were able to recover within
two to three weeks after treatment, suggesting that these species possess highly efficient
physiological mechanisms to counteract the imbalance induced by Phi.

On the other hand, the sugarcane crop did not exhibit any damage from Phi applications
at any of the tested concentrations. It is important to emphasize that the plants were one
year old and in the ratoon cycle. Further studies are needed to evaluate the effects of Phi

during the early developmental stages of the crop, particularly from the time of planting.

CONCLUSIONS

Although the application of Phi at 400 and 800 mM caused visible damage to the
foliar tissue of grass weed populations in sugarcane fields, these weed species exhibited
a remarkable recovery capacity, fully reestablishing approximately one month after
treatment. Phi application induced oxidative stress in the weeds, as evidenced by a significant
increase in antioxidant capacity and a reduction in total chlorophyll concentration. These
results indicate that Phi triggers defense mechanisms in weeds but fails to achieve effective
control of the grass weed populations tested at the evaluated doses. Therefore, under the
conditions and concentrations tested, Phi does not represent a viable herbicidal alternative

for managing grass weeds in sugarcane cultivation.
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Notably, Phi did not cause phytotoxicity in sugarcane plants when applied at an
advanced developmental stage (ratoon crop, one year old), close to harvest. Further studies
are recommended to assess its effects during earlier stages of the crop cycle, in order to

more clearly establish its safety and potential implications during critical growth phases.
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ABSTRACT

Objective: To evaluate the pine extract with two solvents (water and ethanol), as a pre-emergence weed control
in agave crop in the town of San Miguel el Alto, Jalisco.

Design/methodology/approach: The experimental design was in randomized blocks, with six treatments
and four replicates, using two synthetic herbicides and two pine extracts (aqueous and ethanolic), during the
rainfed period from July to September 2023. Plots were 30 m? with 10 agaves. Applications were made pre-
emergence and twice more per month at a concentration of 25%. The variables recorded for weeds were
number of specimens, species and visual coverage; for the crop, number of detached leaves, plant height, leaf
width and length. The Shannon index, % control, EC and pH were obtained per treatment.

Results: The pine extract with both solvents showed phytotoxicity (chlorosis and stunting), and similar control
to that observed with synthetic herbicides was not observed. The type of weed leaf determines the efficacy of
the herbicide used, as it does for the extracts. Although the desired significant differences between treatments
were not found, changes in weed populations were observed, suggesting that the extracts should be further
evaluated.
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Limitations on study/implications: N/A
Findings/conclusions:
- First report on the phytotoxic effect of Pinus patula extract.
- Pine extract with both solvents causes phytotoxic symptoms (stunting and chlorosis).
- The ideal application rate must be determined.
- Digitaria ciliaris, Paspalum lividum and Chloris virgata are reported as species tolerant or resistant to glyphosate
and glufosinate ammonium.

Keywords: Allelopathy, plant extracts, Pinus patula, weed control.

INTRODUCTION

Weeds are a problem in crops, since they decrease the yield when they do not receive
timely attention, causing important losses; they are one of the biotic factors with greatest
impact in agriculture. The use of synthetic agrochemicals is the main tool for producers,
even if they cause damage to the environment and to the population’s health (Scavo and
Mauromicale, 2020). In this regard, glyphosate residues have been detected in foods
such as soy and maize, and these residues reach the end consumer causing harm to
health, the environment and wildlife (CONACY'T, 2020; Suppa et al., 2020; Ordofiez-
Beltran et al., 2019; Serpa et al., 2015). In Jalisco, agave cultivation has designation of
origin, so it is one of the most important crops, in addition to recently having gained
terrain, with 133,763.52 ha planted by the end of 2023 (SIAP, 2024). This crop does
not have selective herbicides and herbicides evaluated in other crops, to which agave
turns out to be tolerant, are used. An herbicide of common use in this crop is glufosinate
ammonium, which is efficient although quite residual; for example, when agave is
harvested and maize is to be planted, it cannot be established because of the toxicity
of the herbicide applied. Then, the producer must seek options that allow planting
maize. An efficient control method is manual, but it must be applied two to three times
during the rainy season, which is costly; the optimal option would be integrated control
(Dominschek et al., 2021). Derived from this, there is a requirement to find less costly
strategies by observing the behavior of nature. Plant extracts have been reported since
1970 with inhibitory activity on plant germination and growth (Belz, 2007; Cruz-Ortiz
and Flores-Méndez, 2021). These are options for weed control, since their metabolites
(natural chemical substances) could alter the cell structure and cause biodegradation
or the inhibition of germination. In the market, “organic” products for weed control
have been found, and a constant factor is pine. Therefore, the objective of this study
is to evaluate the pine extract with two solvents (water and ethanol), as pre-emergence
control on weeds in the agave crop in the locality of San Miguel el Alto, Jalisco. In
addition, there are reports in the literature that pine essence (Pinus patula L.) can inhibit
the germination of Sinapis arvensis L., Lolium rigidum (Gaudin) Weiss ex Nyman, Phalaris
canariensis L. and Trifolium campestre Schreb (Amri et al., 2011), and 93% of inhibition
in weed germination was obtained with the aqueous extract of Pinus caribbean Morelet,
without reporting the species (Jiménez Ferrer et al., 2006). On the other hand, the pine
extract had significant results in the germinative inhibition of Arthraxon quartinianus (A.
Rich.) Nash (Portuguez-Garcia et al., 2020).
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MATERIALS AND METHODS

The study was conducted on a plot located in San Miguel el Alto, which is on the
limits with the municipality of Arandas in the state of Jalisco, Mexico, belonging to the
zone called Altos de Jalisco; it is located on geographical coordinates 20.897021674240175
latitude, 102.4581126284207 longitude. The climate is semi-warm, semi-humid (34.1%),
and temperate sub-humid (65.9%). The mean annual temperature is 17.3 °C and the mean
annual precipitation is 919 mm, with the month of July being the one with most rainfall.
The predominant soil is Luvisol (34.6%) and presents reddish soils that accumulate a large
amount of clay; the ones used for agriculture have moderate yields and are quite susceptible
to erosion. Agriculture (61.7%) is the dominant land use in the municipality INEGI, 2001,
2018). The experiment was established in the rainfed season (July-October 2023) and had
a completely random block arrangement, where the treatments were randomized via a

raffle.

Treatments

The experiment was established in a newly transplanted, one month old, agave
plantation (Agave tequilana f.a.c. Weber), with planting density of 3,333 plants/ha. An
experimental plot of 720 m* was established with six treatments and four replicates, T1:
Clean control (kept clean with hoe and shovel), T2: Weedy control (without treatment),
T3: Glufosinate ammonium, T4: Glyphosate, T5: Aqueous pine extract, T6: Ethanolic
pine extract; this results in a total of 24 quadrants of 30 m? each (3X 10 m). For the design
of completely randomized blocks (James ¢t al., 2002), the plot was divided into lines of 10

agaves per treatment, leaving two agaves without any application, between treatments.

Preparation of plant extracts (ethanolic and aqueous)

The plant material (plant) that was used for this experiment was chosen because of
its availability in the region and its allelopathic qualities reported for the genus andjor
species (Marin-Veldsquez and Barrutia-Barreto, 2020), in addition to the prior mention
about its use in commercial “organic” products. Specimens of Pinus patula were found
in the region and fresh needles were collected that were transported to the laboratory for
their processing. Two types of extracts were elaborated, aqueous and ethanolic. For the
elaboration of the extracts, 200 g of fresh needles were used for every liter of solution,
aqueous or ethanolic; for the case of the latter, a solution of denatured ethanol at 70% was
used, and for the aqueous, the ethanol was replaced for potable water, with proportion of
1:100 p/v. The needles were diced to facilitate grinding, for which a classic Oster” blender
was used; the plant was placed and ethanolic solution was added, grinding was done for
10 seconds in three repetitions, and then the entire content of grinding was placed in a
wide-mouth and amber-color recipient; it was left to rest for 15 days and shaken twice per
day for 5 min. At the end of the resting period, the extract obtained was filtered with a
kitchen strainer to remove the plant residues, then with a tulle fabric sieve to remove the
large particles of plant tissue from the extract, and finally with number 4 Whatman® filter
paper and a funnel to remove any small plant particle that could clog up the nozzle of the

spraying pumps. The filtered extract was placed in duly labeled amber color containers.
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Preparation of herbicide extracts
From the extracts obtained, a dose of 25% from each extract was used and 5.7 liters per
extract were prepared to be applied on the agave plot and each of the four repetitions; to

determine the amount of extract necessary, the spraying bag was previously calibrated.

Preparation of synthetic herbicides

The synthetic herbicides used were glyphosate (chemical control) (3 L ha™ " and
glufosinate ammonium (1.5 L ha™ 1); the latter is the chemical regional control (which
received thatname becauseitisthe one the produceruses). The doses are those recommended
on the label. Glyphosate was applied with a bell to avoid damaging the agave, since it is a
non-selective herbicide. For the extract, 50 L ha™! were used, and its concentration was
25%. The treatments were applied with a spraying pump (SWEDISH HUSKY POWER®
Electrical Fumigator with Tank Capacity of 20 L), at a pressure between 30 and 40 pounds,
measuring with a manometer adapted to the pump and Teq]et® 8004 nozzle.

Variables evaluated and statistical analysis

The applications were carried out 30 days after the crop establishment; meanwhile,
the extracts were applied three times, one per month for three months; and for the
evaluation of the effect of treatment on weeds, the first measurement was carried out
15 days after application (DAA) and the next two, with one month separation between
them. The number of plants per treatment/repetition was recorded, and the visual
coverage (%) which represents the effect of the herbicides. The percentage of control
was calculated, as well as the diversity of species present; for this purpose, the quadrant
method was used, with a quadrant of 50X 50 cm, thrown twice, and whatever was inside
the quadrant was recorded (species and frequency of appearance) (Monroy-Reyes ¢t al.,
2005), with which the Shannon index was obtained. The electrical conductivity and
pH of a sample made up of soil per treatment after its application was also recorded.
To evaluate the effect of weeds and treatments applied on the crop, a sample of 5 plants
(agave) was recorded, per repetition and treatment. The initial number of leaves, the
number of leaves detached, and those totally detached from the shoot were recorded as
detached leaves. The plant height, width of the last leaf detached, and height of this same
leaf were recorded; to avoid confusion, the tip of the last leaf detached was cut (Monroy-
Reyes et al., 2005; Pimienta-Barrios et al., 2005), and plant toxicity observations were
also made on the crop. These measurements were carried out once per month, for four
months. In the data analysis, a logarithmic (variable number of weeds) and square root
(variables of percentage of control and cover) data transformation was conducted; in the
end, the assumptions were not fulfilled, and a repeated measurements analysis was used
with Kruskal Wallis (Kay et al., 2021). Then, a contrast comparison test was carried out
with ¢=0.05 (Elkin ez al., 2021).

RESULTS AND DISCUSSION
The treatments with extracts were applied in pre-emergence and the glufosinate and

glyphosate once the weeds had emerged (post-emergence), so the first measurement of
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the number of weeds was recorded at 15 DAA. Results were grouped per type of leaf in
the weeds: broad leaf refers to the dicotyledons, and narrow leaf mostly to the grasses,
although Cyperasea were also grouped here. The results from the statistical analysis
(Kurskal Wallis) for the variable “number of weeds” between treatments shows significant
differences (p-value=1 .42446'07) (Figure 1).

A significant interaction was also found between treatment *type of leaf (p-value=
5.97786'10), meaning that the effect from the treatment depends on the type of leaf (broad
and narrow). These effects have been mentioned by the producers, because the synthetic
chemical herbicides cannot manage to control all the species cataloged as weed in a plot.
Because of the type of plant metabolism and the synthetic chemical used, some species
are affected more than others and the extracts functioned equally, affecting the broad-
leaf or narrow-leaf species (/)-value=l.5524e_07) in different ways. Therefore, different
herbicides are used depending on the crop and the type and species of weeds present
(Herrera-Murillo and Picado-Arroyo, 2024). Grasses are mostly difficult to control, and
commercial herbicides take time to have an impact and do not completely eliminate
them; this can be observed since this group (grasses/narrow leaf) was higher in number
of individuals in all the treatments and their decrease is observed with time, also with the
extracts, except more slowly. The aqueous and ethanolic pine extracts do not compete
with the synthetic herbicides with the dose applied. The ethanolic extract affects more the
emergence of broad-leaf weeds, the same as glyphosate and glufosinate ammonium (Figure
1). Regarding the effect through the three measurements (months), a significant difference
was also found (p-value=0.014799), which was expected, because the effect of the synthetic
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Figure 1. Means comparison of the number of weeds present in the agave crop through treatment and type of leaf, in the three
measurements 1, measurement 1, 2, measurement 2 and 3, measurement 3. 1TesLim: Clean control, 2TesEnm: Weedy control,
3TesReg: Glufosinate ammonium, 4TGlifo: Glyphosate, 5ExAcPino: Aqueous pine extract, 6ExOHPino: Alcoholic pine extract.
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chemical herbicides and of the extracts is not immediate, and this is corroborated through
the measurements.

Regarding Dunn’s test (Table 1), significant differences are found when the treatments
are compared, so that they can be grouped into weedy control, with higher number of
weeds, clean control with lower number of weeds, glyphosate with a small number of
weeds, and treatments with glufosinate ammonium (regional control) and the two extracts
(aqueous and ethanolic) that had an intermediate level of weeds.

This indicates that there are strong temporal effects which were observed in
symptomatology recorded, such as chlorosis and stunting. However, the extracts present
effectiveness which is generally variable in time (Figure 2), since they reduce the number
of weeds at the end of the study. This is important because most commercial organic

herbicides contain pine extract, although only effects of chlorosis, stunting and possible

Table 1. Significant values in Dunn’s Test for Treatment.

Comparison P_value
Clean control-Weedy control 7.050¢ 0 sk
Weedy control - Glufosinate 3.79¢02x
Weedy control - Glif 4.09¢ 034
Clean control - ExtAcPino 3.99¢ 05sesex
Clean control - ExtOHPino 2.3 000k
Glif-ExtOHPino 48902

ITesLim: Clean control, 2TesEnm: Weedy control, 3TesReg:
Glufosinate ammonium, 4TGlifo: Glyphosate, 5ExAcPino:
Aqueous pine extract, GExOHPino: Alcoholic pine extract.
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Figure 2. Number of weeds accumulated and encompassed without considering the type of leaf, during the three months recorded.
1 Clean control, 2 Weedy control, 3 Glufosinate ammonium, 4 Glyphosate, 5 Aqueous pine extract, 6 Alcoholic pine extract.
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reduction of emergence are suggested, in this study, by reducing the number of plants
with both solvents in different degrees (Treatments 5 and 6, Figure 2). Something else
that can be seen is the effect on the reduction of weeds with Treatments 3 and 4, which
are glufosinate ammonium and glyphosate, respectively. Although they do not completely
eliminate the weeds, this is because of the presence of seasonal rains, since weeds continue
to emerge when it is still raining, because glyphosate is a semi-systemic herbicide just like
glufosinate ammonium, and its effect was not enough to eliminate the weeds.

The visual coverage expressed in percentage of soil covered (area) represents the
vertical projection of the aerial part of the weeds and reflects the capacity for competition
better than the number of weeds present, at the same time that it represents the control
exerted by herbicides; it is a fast visual evaluation: with more coverage, less control, and
vice versa. Regarding this variable (Figure 3), the Kruskal Wallis statistical analysis shows
pvalue= 1.08346° !, indicating significant differences between treatments, although
a statistically equal effect with both pine extracts. Herrera-Murillo and Picado-Arrollo
(2024) mention that some herbicides do not cause chlorosis, but a reduction in coverage is
observed which agrees with what was observed in the third measurement for the aqueous
extract in narrow-leaf plants compared to the second and third measurements.

To visualize this variable better, a correlation was conducted between the coverage
and the number of weeds or species present (Figure 4). It shows that, in general, there is a
moderate positive correlation, since each treatment must be taken into account to analyze

punctually; for example, in the regional control (glufosinate ammonium), the coverage is
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Figure 3. Means comparison of visual coverage of weeds (%) (control) present in the agave crop per treatment and type of leaf,
in the three measurements 1, measurement 1, 2, measurement 2 and 3, measurement 3. 1TesL.im: Clean control, 2TesEnm:
Weedy control, 3TesReg: Glufosinate ammonium, 4TGlif: Glyphosate, 5ExAcPino: Aqueous pine extract, 6ExOHPino:
Alcoholic pine extract.
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Figure 4. Correlation between number of weeds and coverage. 1TesLim: Clean control, 2TesEnm: Weedy control, 3TesReg:
Glufosinate ammonium, 4TGlif: Glyphosate, 5ExAcPino: Aqueous pine extract, 6ExOHPino: Alcoholic pine extract.

generally low and when it comes to the number of weeds present in the case of broad leaf,
it ranges between 3 and 10 individuals, while for the narrow leaf the number fluctuates
between 110 individuals in the first measurement and 20 in the last. Regarding the behavior
of ethanolic and aqueous extracts, the trend was positively moderate but with variable
points, so the effectiveness 1s qualified as weak for both, with their particularities, which
will be discussed when addressing the species present in each treatment. This is probably
because of the type of extraction performed; by using only water, certain metabolites can
be extracted (acids, amines, ketones, aldehydes, tannins, lignans, stilbenes, and sugars),
which will probably not be extracted with the alcohol solvent used (terpenes, tannins,
phenols, siloxanes, alkanes) (Amri et al., 2011).

However, Alam et al. (2022) mention that in extracts of needles from Pinus roxburghii
Sargent, elaborated with alcohol and aqueous solvent, the same metabolites were
obtained, except more concentrated with the organic solvent (ethanol). When it comes to
plant extracts, their action can be due to the compounds that the bibliography refers are
found in Pinus patula, such as alpha-pinene, limonene, among others (Amri ez al., 2011;
Iniguez-Guillén et al., 2007; Portuguez-Garcia et al., 2020). However, it is necessary to
work on elaborating more concentrated extracts. For the chemical-synthetic treatments,
the values are shown for glyphosate in the base of the figure compared to the regional
control (glufosinate ammonium), so glyphosate is qualified as efficient when presenting
a lower number of weeds and less coverage. Regarding both extracts, the percentage of
coverage was similar, that is, without significant difference between them (Figure 3).

According to the European scale (EWRS), the levels of activity decrease as the
effectiveness of the herbicide increases, so that, with less visual coverage, the effect is
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greater. And in this sense, glufosinate ammonium has a classification of 3 and glyphosate
of 2, the aqueous pine extract 8, and the ethanolic extract 7.

No impacts were seen on the agave crop and symptoms were observed in the weeds
such as chlorosis, stunting, and in some cases necrosis; this is the first report of phytotoxic
or allelopathic action of Pinus patula elaborated in a proportion of 1:100 (p-v) applied at
25%. Regarding the species that were present in the different treatments, the Shannon
index was calculated, where the low diversity there is in broad-leaf weeds (Figure 5) and
narrow-leaf weeds (Figure 6) is shown; clear differences are seen between the diversity
present per treatment, and the value of 1 is not even reached, which is the lowest value

mentioned for this index; the herbicide that decreases diversity the most is glyphosate.
Shannon index of the broad-leaved weed community in agave crop
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Figure 5. Shannon index in the treatments applied with broad-leaf weeds.
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Figure 6. Shannon index in the treatments applied with narrow-leaf weeds.
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All the treatments reduce the diversity in both types of leaf, including the weedy control;
this is because of the environmental conditions and the life cycle of some weeds that appear
and disappear according to climate conditions, and this treatment has the highest values in
diversity.

Although the areas sampled are relatively small to estimate this index, this gives us an
idea of the decrease in diversity that is caused by using herbicides; in many cases they are
species with medicinal or allelopathic properties that could well be used. For example,
in the species of broad-leaf weeds that were identified because they were not controlled
(Figure 7), without this indicating resistance, Salvia tilifolia Vahlque was found, which is
reported as forage, edible and medicinal (Vibrans, 2009c). Mentha rotundifolia L. was also
identified, which has medicinal properties and is considered an aromatic plant similar
to another Salvia species (Vibrans, 2009b). One species that is tolerant or resistant to
herbicides applied is Anoda cristata L., which has been seen in the region that tolerates their
application and was not the exception in this study; in addition, it is medicinal, forage,
edible, and melliferous (Vibrans, 2009a).

When it comes to the presence of weeds per species, treatment and measurement (Figure
7), it was seen that there was a decrease in the number of species in the third measurement,
just as with glyphosate, but more gradual or slower with the extracts. The grasses that were
identified because they could not be controlled completely (Figure 7), agree with what was
reported by Pimienta ez al. (2005); some species present resistance to both glyphosate and
glufosinate ammonium, and they were Digitaria ciliaris (Ketz.) Koeler, Paspalum lividum
Trin. Ex Schtdl. and Chloris virgate Sw, although further studies must be done due to the

Weed presence matrix in agave crop by treatment effect
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Figure 7. Presence of species per Measurement (1, 2, 3) and Treatment. Trat 1: Clean control, Trat 2: Weedy control, Trat 3:
Glufosinate ammonium, Trat 4: Glyphosate, Trat 5: Aqueous pine extract, Trat 6: Alcoholic pine extract.
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existence of ecotypes. Glufosinate ammonium is used to control weeds that are resistant
to glyphosate (Takano and Dayan, 2020), and in this study species with resistance to both
herbicides applied were found, such as those mentioned before. The total species in the
aqueous pine extract were 31, and from these only eight could be controlled (Proboscidea
lousitanica (Mill.) Thell., Argemone ocholeuca Swet, Eleusine indica L., Chloris gayana Kunt and
Agrostis stolonifera L., among others) and there were 25 species reported for the ethanolic
pine extract, of which 15 could be controlled (Physalis lagascae Roem. & Schult, Argemone
ochroleuca, Cyperus esculentum L. and Eleusine indica, among others); regarding the 33 species
reported in the treatment with glyphosate, nine could be controlled (Oxalis divergens Benth.&
Lindl., Cosmos bipinnatus Cav., Dalea leporine (Ait.) Bullock and Crotalaria pumila Ort.).
Regarding plant herbicides, it is reported that when Pinus caribean Morelet var.
caribaea. needles decompose, they form a compound called pycnogenol that can inhibit the
germination of some plants considered weeds, since this compound inhibits the activity
of the indole-acetic-oxidase acid, preventing seeds from germinating (Jiménez Ferrer
et al., 20006). For Pinus patula, ethanolic extract components reported include 62.4% of
monoterpene hydrocarbons, a-pinene (35.2%), and S-phellandrene (19.5%) (Amri et al.,
2011). However, as a second study, it is necessary to evaluate the compounds of the extract.
In a study, CO, was used to apply herbicides with pine oil and ensure the entry of the
organic herbicide to the vascular system of the weed; it was reported that the pine oil had

a good performance for weed control (James et al., 2002).

Analysis of the agave plant

Concerning the statistical analysis of the parameters measured in the agave plant, the
results showed significant differences between treatments (Table 2, leaf width, 4a, detached
leaves, 4b, leaf length, 4c, plant height), which indicate that the treatments applied exert a
different effect on the growth variables of the agave plant found.

Table 2. Analysis of variance for measurements repeated with non-parametric analyses of the variable leaf width.

Error DF Df. res F value Pr(>F)
Measurement Withn 1 2 5.7250 0.1391
Treatment Withn 5 472 3.3291 0.00576%**
4a. Repeated measures analysis of variance with non-parametric analysis for the detached agave leaves variable

Error DF Df. res F value Pr(>F)
Measurement Withn 1 2 0.21875 0.68601
Treatment Withn 5 472 2.64343 0.02267*
4b. Repeated measures analysis of variance with non-parametric analysis for the leaf’s length variable

Error DF Df. res F value Pr(>F)
Measurement Withn 1 2 4.2061 0.1767
Treatment Withn 5 472 2.5963 0.024857*
4c. Repeated measures analysis of variance with non-parametric analysis for the plant height variable

Error DF Df. res F value Pr(>F)
Measurement Withn 1 2 4.8333 0.1589

Treatment Withn 5 472 2.4689 0.0318*
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The four parameters measured indicate significant differences in all the parameters,
although when the post hoc analysis is conducted (Figure 8), differences are only found
in the variable detached leaves. It is seen that the treatment with glyphosate has greater
leaf detachment, and this is explained because glyphosate is the only treatment that was
not applied on the plant, because of its well-known effects, so there was no toxic effect on
the crop; glyphosate has been used in other crops and it affects the seedlings due to the
movement of this product in the soil and its contact with roots (Tofifio Rivera et al., 2020).
In addition, in this study, when it comes to plant growth, no impact was observed with the
variables measured; this is because it is applied on the roads and with a hood, taking care
that the glyphosate does not touch the plants. So its effect on its physiology is non-existent
in the time of observation, although it was also observed that it does not affect the roots;
this could be because of the low electrical conductivity recorded in dS/m (0.1) which was
obtained with the application of this herbicide. The pH found was 6.03, or due to the low
amount of organic matter present in the plot soils; something to remember is that the soils
are clayey Luvisols, and another aspect to mention is that the pH interferes in the water
quality and at the same time in the efficiency of the herbicide, where if the water is more
alkaline, the efficiency decreases (Garcia Ruiz and Sanchez Ortiz, 2005).

For the aqueous pine extract, these values were EC (0.7) and pH (6.43), and this
treatment was the one that resulted in the lowest number of leaves detached, which could
be due to a higher concentration of salts, given the EC recorded and this could cause a
slight osmotic stress in the plant, in addition to the pH closer to 7 that can help to achieve
better nutrient absorption; the compounds obtained are also water-soluble and possibly
more persistent. When it comes to the ethanolic extract, with EC (0.8) and pH (6.7), in this
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Figure 8. Means comparison of leaves detached in four months of records. 1TesLim: Clean control, 2TesEnm: Weedy control,
3TesReg: Glufosinate ammonium, 4TGlif: Glyphosate, 5SExAcPino: Aqueous pine extract, 6ExOHPino: Alcoholic pine extract.
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case the compounds that were obtained are more volatile, so they exert their ephemeral
allelopathic effect. The compounds that are obtained with the different solvents depend on
their affinity with the polarity of the solvent; ethanol is catalogued by Adam et al. (2022)
as one of the best solvents to extract compounds from the pine needles. Regarding the
regional control, which was glufosinate ammonium, the EC was 0.16 and the pH 6.37; for
the clean control where the weeds were only removed manually, the EC was 0.13 and the
pH 6.3; the weedy control showed EC of 0.11 and pH of 6.67. The variations caused by
the application of the treatments are slight and a study should be conducted considering
the persistence and the identification of the metabolites extracted. However, this is a first
approximation to the activity of Pinus patula needle extract in the field. This variation
in pH could affect the soil microbiota, not only the variation but also the application of
glyphosate, since the shikimate pathway that this herbicide impacts is in the metabolism of
microorganisms, so they are also affected (Gonzalez Ortega et al., 2022), and this aspect
should be studied further.

Regarding the costs that each treatment represents (Table 3), the extracts have a low
cost, and what increases the cost is the workday that must be paid for any application. And
given the total cost and the efficacy of glyphosate, it continues to be first place in use.

Table 3. Cost of treatments applied.

Treatments (l:)(;si;;f:ll:ff(l:i:sst/ Total
1-Clean control $0.00/$500 $500.00
2- Weedy control $0.00/$0.00 $0.00
3- Glufosinate-ammonium $797.00/$500 $1,297
4- Glyphosate $350.00/$500 $850.00
5- Aqueous pine extract $5.00/$500 $505.00
6- Alcoholic pine extract $45.00/$500 $545.00

CONCLUSIONS

This is the first report of phytotoxic activity for Pinus patula. The pine extract with
both solvents, in the dose used in this study, showed phytotoxic symptoms in weeds such
as stunting, chlorosis, and to a lesser extent, necrosis, as well as a decrease in emergence.
The aqueous and ethanolic pine extracts cause changes in number of species and coverage
of weeds. The extracts from pine needles with both solvents and in the dose used do not
match the effect of a synthetic herbicide. The variation in their performance in the last
month of record, even in grasses, suggests that they are extracts that should still be studied.
The species Digitaria ciliaris, Paspalum lividum and Chloris virgata are reported as not being
able to be controlled with glyphosate or glufosinate ammonium. The type of leaf (broad or

narrow) is determinant in the efficacy of herbicides.
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