ISSN: 2594-0252

AGRO PRODUCTIVIDAD

ent

OUU

crob

)

LU

achiun

* acanthurus:

Ibliometric and network

Perception and attitude on water governance: design of indicators for Irrigation
Districts in Mexico

Bovine respiratory disease and its effects on productive performance indicators and
carcass yield

Evaluation of factors affecting milk production and composition in dual-purpose
systems

Plant selection using a sequential decision algorithm based on an ideotype

Molecular detection of Chlamydia sp. in small ruminants from the central region of the
state of Veracruz, Mexico

Productivity of maize genotypes in acid soils of southern Veracruz with and without
dolomite

y mds articulos de interés...

SCcopus -
. pag. 255 I,,-blf

v



CONTENIDO

Ao 19 ¢« Volumen 19 ¢ Numero 2 ¢ febrero, 2026

Perception and attitude on water governance: design of indicators for Irrigation Districts in Mexico

Y

Bovine respiratory disease and its effects on productive performance indicators and carcass yield

Evaluation of factors affecting milk production and composition in dual-purpose systems

Plant selection using a sequential decision algorithm based on an ideotype

Molecular detection of Chlamydia sp. in small ruminants from the central region of the state of Veracruz, Mexico

Productivity of maize genotypes in acid soils of southern Veracruz with and without dolomite

Earliness and productive efficiency in tropical black bean genotypes (Phaseolus vulgaris L.) under terminal drought

Efficacy of Beauveria bassiana as a biopesticide: A meta-analysis

Reduction in the incidence and recurrence of diarrhea in multibreed kids supplemented with Bacillus subtilis PB6 in
Northern Mexico

<)
~

Rooting of Tomato Cuttings in Nutrient Solution or Substrate: An Alternative for High-Density Production Systems

Introduction and use of Citlali and Ameyali potato varieties in family gardens in Zinacantepec, Mexico

Ea
B2
Ea
7 |
s |

Dragon fruit (Hylocereus undatus) crop yield: an analysis of innovations

Firmness and antioxidant compound changes in avocado (Persea americana Mill.) pulp during ripening at different storage
temperatures

I

Economics of Animal Welfare: opportunities and challenges in an evolving market

i
o
[y

Productive dynamics and sugarcane supply management in a competitive environment: a study of three sugar mills in
Jalisco

Stakeholders and producers in the strawberry value chain: Perceptions and key challenges in Mexico’s Bajio region

Profitability and comprehensive competitiveness of grain maize in a municipality in economic transition

GIS and modeling to determine key areas for conserving the genetic diversity of cotton (Gossypium spp.) in Mexico

Sustainable alternative: A forage prickly pear cactus (Opuntia ficus-indica L. Mill.) production system for cattle fattening

b | k| k|t
© | 0 N
[ B I SC I I SR &)

Ideal particle size in the main ingredients in pig feed

Altitudinal effect and multitemporal analysis of tree structure, distribution and richness in the Sierra Judrez of Ixtlan,
Oaxaca, Mexico

Analysis of the Physicochemical Properties of “La Encantada” Lagoon During the Rainy Season in Lagunas de
Montebello National Park, Chiapas

Response of piquin chili ecotypes (Capsicum annuum var. aviculare L.) to different shade coverage levels

Scientific production trends on Macrobrachium acanthurus: A Bibliometric and network analysis based on Scopus

Response of economic indicators of guava (Psidium guajava L.) production to public policies: Mexico




Comité Cientifico

" AGRICULTURA

SECRETARIA DE AGRICULTURA Y DESARROLLO RURAL

Colegio de

AGRO PRODUCTIVIDAD Postgraduados

Dr. Giuseppe Colla
University of Tuscia, Italia
0000-0002-3399-3622

Dra. Magaly Sdnchez de Chial
Universidad de Panamd, Panamd
0000-0002-6393-9299

Dra. Maritza Escalona
Universidad de Ciego de Avila, Cuba
0000-0002-8755-6356

Master Journal List

2 Clarivate
Analytics

Dr. Kazuo Watanabe
Universidad de Tsukuba, Japén
0000-0003-4350-0139

> =
** Learning"
Dra. Ryoko Machida Hirano

Organizaciéon Nacional de Investigacién en Agricultura y Alimentacion b
(NARO-Japén) :
0000-0002-7978-0235

Dr. Ignacio de los Rios Carmenado
Universidad Politécnica de Madrid, Espana
0000-0003-2015-8983

Dra. Maria de Lourdes Arévalo Galarza
Colegio de Postgraduados, México
0000-0003-1474-2200

Comité Editorial

Dr. Jorge Cadena Ifiguez - Editor en Jefe : 9
Dra. Lucero del Mar Ruiz Posadas - Directora adjunta :
Dr. Rafael Rodriguez Montessoro’
Lic. BLS. Moisés Quintana Arévalo - Cosechador de metadatos

Estado de México.

Bases de datos de contenido cientifico

ZOOLOGICAL RECORD fCOHE
@ e
() CABI

~ » CENGAGE

Contacto principal
& Jorge Cadena Iniguez
Guerrero 9, esquina avenida Hidalgo,
C.P. 56220, San Luis Huexotla, Texcoco,

- Director Fundador & agroproductividadeditor@gmail.com

Contacto de soporte

Directorios

MIAR

Mateir d Informaesn pare ul
FRrTR——

&

CONACYT

Consejo Nacional de Ciencia y Tecnologia

Google

con ... PEE&ICA

2

1\
wn

@ Scilit

Fuente
P Académica
Plus

EBSCO#host

S WorldCat’

‘e AU
YRA

REDIB
S Dimensions
SIBDH B i

; Crossref

B Dialnet

Fomsrcon DARD®

Ano 19, Volumen 19, Nimero 2, febrero 2026, Agro productividad es una publicacién mensual editada
por el Colegio de Postgraduados. Carretera México-Texcoco Km. 36.5, Montecillo, Texcoco, Estado de
México. CP 56264. Tel. 5959284427. www.colpos.mx. Editor responsable: Dr. Jorge Cadena Iniguez.
Reservas de Derechos al Uso Exclusivo No. 04-2017-031313492200-203. ISSN: 2594-0252, ambos otorgados
por el Instituto Nacional del Derecho de Autor. Responsable de la tltima actualizacion de este mimero,
M.C. Valeria Abigail Martinez Sias. Fecha de tltima modificacién, 16 de abril de 2026.

Es responsabilidad del autor el uso de las ilustraciones, el
material gréfico y el contenido creado para esta publicacién.

Las opiniones expresadas en este documento son de exclu-
siva responsabilidad de los autores, y no reflejan necesaria-
mente los puntos de vista del Colegio de Postgraduados, de

M.A. Ana Luisa Mejia Sandoval - Asistente & Soporte la Editorial del Colegio de Postgraduados y del editor de la
Téc. Mario Alejandro Rojas Sanchez - Disefiador & 5959284703 publicacién.
M.C. Valeria Abigail Martinez Sias - Diagramador & agroproductividadsoporte@gmail.com

Directrices para Autores/as

Naturaleza de los trabajos: Las contribuciones que se reciban para
su eventual publicacién deben ser resultados originales derivados de
un trabajo académico de alto nivel sobre los tépicos presentados en la
seccion de tematica y alcance de la revista.

Extension y formato: Los articulos deberan estar escritos en proce-
sador de textos, con una extension de 15 cuartillas, tamarfio carta con
margenes de 2.5 centimetros, Arial de 12 puntos, interlineado doble,
sin espacio entre pdrrafos. Las paginas deberan estar foliadas desde la
primera hasta la dltima en el margen inferior derecho. La extensiéon
total incluye abordaje textual, bibliografia, gréficas, figuras, imagenes
y todo material adicional. Debe evitarse el uso de sangria al inicio de
los pdrrafos. Las secciones principales del articulo deberan escribirse
en mayusculas, negritas y alineadas a la izquierda. Los subtitulos de
las secciones se escribirdn con mayusculas sélo la primera letra, negri-
tas y alineadas a la izquierda.

Exclusividad: Los trabajos enviados a Agro Productividad deberdn
ser inéditos y sus autores se comprometen a no someterlos simultdnea-
mente a la consideracién de otras publicaciones; por lo que es necesa-
rio adjuntar este documento: Carta de originalidad.

Frecuencia de publicacién: Cuando un autor ha publicado en la
revista como autor principal o de correspondencia, deberd esperar
tres numeros de ésta para publicar nuevamente como autor principal
o de correspondencia.

Idiomas de publicacién: Se recibirdn textos en inglés con titulos,
resumenes y palabras clave en inglés.

ID Autores: El nombre de los autores se escribirdn comenzando con
el apellido o apellidos unidos por guion, sdlo las iniciales del nombre,
separados por comas, con un indice progresivo en su caso. Es indis-
pensable que todos y cada uno de los autores proporcionen su nime-
ro de identificador normalizado @ ORCID, para mayor informacién
ingresar a (https://orcid.org).

Institucién de adscripcién: Es indispensable sefialar la institucion
de adscripcién y pais de todos y cada uno de los autores, indicando ex-
clusivamente la institucién de primer nivel, sin recurrir al uso de siglas
o0 acrénimos. Se sugiere recurrir al uso de la herramienta wyta (http://
wayta.scielo.org/) de Scielo para evitar el uso incorrecto de nombres
de instituciones.

AGRO PRODUCTIVIDAD |

1


https://orcid.org/0000-0002-3399-3622
https://orcid.org/0000-0002-6393-9299
https://orcid.org/0000-0002-8755-6356
https://orcid.org/0000-0003-4350-0139
https://orcid.org/0000-0002-7978-0235
https://orcid.org/0000-0003-2015-8983
https://orcid.org/0000-0003-1474-2200
http://orcid.org/
http://wayta.scielo.org
http://wayta.scielo.org/
http://wayta.scielo.org/

Anonimato en la identidad de los autores: Los articulos no debe-
ran incluir en ni en cuerpo del articulo, ni en las notas a pie de pagina
ninguna informacién que revele su identidad, esto con el fin de ase-
gurar una evaluacién anénima por parte de los pares académicos que
realizardn el dictamen. Si es preciso, dicha informacién podrd agre-
garse una vez que se acredite el proceso de revisién por pares.

Estructura de los articulos: Los articulos incluirdn los siguientes
elementos: Titulo, title, autores y adscripcién, abstract, keywords,
resumen, palabras clave, introduccién, objetivos, materiales y mé-
todos, resultados y discusién, conclusiones y literatura citada en for-
mato APA.

Titulo: Debe ser breve y reflejar claramente el contenido, debe-
ra estar escrito en espafol e inglés. Cuando se incluyan nombres
cientificos deben escribirse en itdlicas. No deberd contener abre-
viaturas ni exceder de 20 palabras, se usara solo letras mayusculas,
en negritas, centrado y no llevard punto final.

Resumen y Abstract: Deberd integrarse un resumen en inglés y
espafiol (siguiendo ese orden), de mdximo 250 palabras, donde se
destaque obligatoriamente y en este orden: a) objetivo; b) disefio /
metodologia | aproximacién; c) resultados; d) limitaciones |/ impli-
caciones; ¢) hallazgos/ conclusiones. El resumen no deberd incluir
citas, referencias bibliograficas, graficas ni figuras.

Palabras clave y Keywords: Se deberd incluir una lista de 3 a
5 palabras clave en espafiol e inglés que permitan identificar el
ambito tematico que aborda el articulo.

Introduccién: Se asentard con claridad el estado actual del co-
nocimiento sobre el tema investigado, su justificacién e importan-
cia, asi como los objetivos del trabajo. No debera ser mayor a dos
cuartillas.

Materiales y Métodos: Se especificard como se llevé a cabo la
investigacién, incluyendo el tipo de investigacién, diseflo experi-
mental (cuando se traten de investigaciones experimentales), equi-
pos, substancias y materiales empleados, métodos, técnicas, proce-
dimientos, asi como el andlisis estadistico de los datos obtenidos.
Resultados y Discusion: Puede presentarse en una sola seccion.
En caso de presentarse de forma separada, la discusién debe enfo-
carse a comentar los resultados (sin repetirlos), en términos de sus
caracteristicas mismas, su congruencia con la hipétesis planteada
y sus semejanzas o diferencias con resultados de investigaciones
similares previamente realizadas.

Conclusiones: Son la generalizacién de los resultados obtenidos;
deben ser puntuales, claras y concisas, y no deben llevar discusion,
haciendo hincapié en los aspectos nuevos e importantes de los re-
sultados obtenidos y que establezcan los parametros finales de lo
observado en el estudio.

Agradecimientos: Son opcionales y tendrdn un maximo de tres
renglones para expresar agradecimientos a personas e institucio-
nes que hayan contribuido a la realizacién del trabajo.

Cuadros: Deben ser claros, simples y concisos. Se ubicardn in-
mediatamente después del primer pdrrafo en el que se mencionen
o al inicio de la siguiente cuartilla. Los cuadros deben numerarse
progresivamente, indicando después de la referencia numérica
el titulo del mismo (Cuadro 1. Titulo), y se colocaran en la parte
superior. Al pie del cuadro se incluirdn las aclaraciones a las que
se hace mencién mediante un indice en el texto incluido en el
cuadro. Se recomienda que los cuadros y ecuaciones se preparen
con el editor de tablas y ecuaciones del procesador de textos.
Uso de siglas y acrénimos: Para el uso de acrénimos vy siglas en
el texto, la primera vez que se mencionen, se recomienda escri-
bir el nombre completo al que corresponde y enseguida colocar
la sigla entre paréntesis. Ejemplo: Petréleos Mexicanos (Pemex),
después s6lo Pemex.

Elementos graficos: Corresponden a dibujos, gréficas, diagra-
mas y fotografias. Deben ser claros, simples y concisos. Se ubi-
cardn inmediatamente después del primer parrafo en el que se
mencionen o al inicio de la siguiente cuartilla. Las figuras deben

2 | AGRO PRODUCTIVIDAD

numerarse progresivamente, indicando después de la referencia
numérica el titulo del mismo (Figura 1. Titulo), y se colocardn en
la parte inferior. Las fotografias deben ser de preferencia a colores
y con una resolucién de 300 dpi en formato JPG, TIF o RAW. El
autor deberd enviar 2 fotografias adicionales para ilustrar la pdgi-
na inicial de su contribucién. Las grdficas o diagramas serdn en
formato de vectores (CDR, EPS, AI, WMF o XLS).

Unidades. Las unidades de pesos y medidas usadas seran las
aceptadas en el Sistema Internacional.

Citas bibliograficas: deberdn insertarse en el texto abriendo un
paréntesis con el apellido del autor, el afio de la publicacién y la
pégina, todo separado por comas. Ejemplo (Zheng et al., 2017). El
autor puede introducir dos distintos tipos de citas:

Citas directas de menos de 40 palabras: Cuando se transcri-
ben textualmente menos de 40 palabras, la cita se coloca entre
comillas y al final se anade entre paréntesis el autor, el afio y la
pagina. Ejemplo:

Alineado al Plan Nacional de Desarrollo 2013-2018, (DOF,
2013), el Programa Sectorial de Desarrollo Agropecuario,
Pesquero y Alimentario 2013-2018 establece “Construir un
nuevo rostro del campo sustentado en un sector agroalimenta-
rio productivo, competitivo, rentable, sustentable y justo que
garantice la seguridad alimentaria del pais” (DOF, 2013).

Citas indirectas o parafrasis: Cuando se interpretan o se co-
mentan ideas que son tomadas de otro texto, o bien cuando se
expresa el mismo contenido pero con diferente estructura sintacti-
ca. En este caso se debe indicar el apellido del autor y el aflo de la
referencia de donde se toman las ideas. Ejemplo:

Los bajos rendimientos del cacao en México, de acuerdo con
Avendaiio et al. (2011) y Herndndez-Gémez et al. (2015); se
debe principalmente a la edad avanzada de las plantaciones.

Las referencias bibliograficas: al final del articulo deberdn in-
dicarse todas y cada una de las fuentes citadas en el cuerpo del
texto (incluyendo notas, fuentes de los cuadros, gréficas, mapas,
tablas, figuras etcétera). El autor(es) debe revisar cuidadosamente
que no haya omisiones ni inconsistencias entre las obras citadas y
la bibliografia. Se incluird en la lista de referencias sélo las obras
citadas en el cuerpo y notas del articulo. La bibliografia deberd
presentarse estandarizada recurriendo a la norma APA, ordenarse
alfabéticamente segun los apellidos del autor.

De haber dos obras o mas del mismo autor, éstas se listan de manera
cronolégica iniciando con la mds antigua. Obras de un mismo autor
y afio de publicacién se les agregard a, b, c... Por ejemplo:

Ogata N. (2003a).
Ogata N. (2003b).

Articulo de revista:
Wang, P., Zhang, Y., Zhao, L., Mo, B., & Luo, T. (2017).
Effect of Gamma Rays on Sophora davidii and Detection of
DNA Polymorphism through ISSR Marker [Research article].
https://doi.org/10.1155/2017/8576404

Libro:
Turner J. (1972). Freedom to build, dweller control of the
housing process. New York: Macmillan.

Uso de gestores bibliograficos: Se dard prioridad a los
articulos enviados con la bibliografia gestionada electrénicamen-
te, y presentada con la norma APA. Los autores podran recurrir
al uso de cualquier gestor disponible en el mercado (Reference
Manager, Crossref o Mendeley entre otros), o de cédigo abierto
tal como Refworks o Zotero.


http://normasapa.net/citas/
https://doi.org/10.1155/2017/8576404
http://mingotecurso.blogspot.mx/2007/09/tutorial-del-reference-manager.html
http://mingotecurso.blogspot.mx/2007/09/tutorial-del-reference-manager.html
https://www.crossref.org
http://www.mendeley.com
http://www.infobiblio.es/tutorial-de-refworks-dos-cero
https://www.zotero.org

AGRO PRODUCTIVIDAD

Colegio de
Postgraduados

1 K}

Citation: Cuéllar-Lugo, M. B.,
Asiain-Hoyos, A., Diaz-Rivera, P.,
Sudrez-Sanchez, J., Hernandez-
Pérez, J. M., Alvarez-Avila, M. del C.,
Partida-Sedas, S., & Gallardo-Lépez,
. (2026). Perception and attitude on
water governance: design of indicators
for Irrigation Districts in Mexico. Agro
Productividad. https://doi.org/10.32854/
fwswhe62

Academic Editor: Jorge Cadena
Iniguez

Associate Editor: Dra. Lucero del
Mar Ruiz Posadas

Guest Editor: Juan Francisco Aguirre
Medina

Received: November 14, 2025.
Accepted: January 18, 2026.
Published on-line: April 16, 2026.

Agro Productividad, 19(2). February.
2026. pp: 3-13.

This work is licensed under a
Creative Commons Attribution-Non-
Commercial 4.0 International license.

Perception and attitude on water governance:
design of indicators for Irrigation Districts in
Mexico

Cuéllar-Lugo, Martha B.l; Asiain-Hoyos, Albertol*; Diaz-Rivera, Pablol; Suérez—Sénchez,Juan2;
Hernandez-Pérez, Juan M.l; Alvarez-Avila, Maria del C.l; Partida-Sedas, Salvadorl;
Gallardo-Loépez, Felipe1

! Colegio de Postgraduados Campus Veracruz. km 88.5 Carretera Federal Xalapa-Veracruz, via Paso de

Ovejas, entre Puente Jula y Paso San Juan, Tepetates, Manlio F. Altamirano, Veracruz. C.P. 91669.
2 Universidad Auténoma de Tlaxcala. Av. Universidad No. 1, La Loma Xico-tencatl. Tlaxcala, Tlaxcala. C.P.
90070.

* Correspondence: aasiain@colpos.mx

ABSTRACT

Objective: to define the selection criteria for the design and validation of a methodological tool that
operationalizes the water governance concept across the perception and attitude of stakeholders for efficient
water management in Irrigation Districts.

Design/methodology/approach: a questionnaire was designed and validated to assess perception and
attitude variables in water governance, structuring the methodology in four phases. Initially, a contextualized
conceptual framework was constructed to define a system of indicators with theoretical rigour. Subsequently, the
psychometric operationalization of the variables into measurable items was carried out. A priori validation was
performed using the Delphi technique, with a multidisciplinary panel of experts. Finally, a posteriori validation
will empirically contrast the results to consolidate a robust diagnostic tool for longitudinal application.
Limitations/implications: the subjective nature of the constructs measured (perception and attitude), whose
validity may be compromised in relation to observable behaviors. Nevertheless, the instrument is a reliable
methodological tool for the empirical diagnosis and longitudinal monitoring of water governance.
Findings/conclusions: a methodological tool was developed that operationalizes intangible constructs of
perception and attitude into quantifiable indicators for water governance. Validated using the Delphi method,
it allows critical indicators such as institutional trust and perceived equity to be measured. This tool is a
strategic resource for longitudinal diagnoses and the design of interventions towards more transparent and
efficient water management.

Keywords: water management, methodological framework, irrigation water, community participation, socio-
ecological systems.

INTRODUCTION

Water governance (WG) is considered an integral and complex approach, which

is made up of political, economic, social and environmental systems (Linh et al., 2025;
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Rosso, 2025). Within this framework, government actors, civil society, and the private
sector interact (Bocarejo et al., 2018; Victoria, 2018), whose work encompasses the
development, management, and efficient handling of water resources (Garate et al.,
2023). Its effectiveness depends on the co-production that arises from the combination of
participatory and inclusive processes, which incorporate local knowledge, accompanied
by specialized technical knowledge (Klingaman et al., 2024; Ngonyani et al., 2024). This
synergy 1s fundamental to strengthening resilience and adaptation to water scarcity (Aroy
et al., 2025; Datta et al., 2025; Sahani ¢t al., 2025).

This is how GA has become a central paradigm that promotes: active and inclusive
participation, adaptation to changing contexts, the incorporation of principles of
distributive, procedural and recognition justice, as well as the search for solutions that
respond to local realities (Lukas et al., 2024; Linh et al., 2025).

Irrigation Districts (IDs) represent a specific context for the application of this
paradigm. According to Sudrez and Obregén (2024), these constitute a complex socio-
ecological system, embedded in a territory equipped with hydraulic infrastructure, which
facilitates the distribution and management of water to support socioeconomic and
agricultural growth. To improve their performance, effective participation of farmers,
communities, authorities, and other key stakeholders is required for shared decision-
making and joint conflict resolution (Altamirano et al., 2019; Castafieda, 2021; Jariego,
2024; Lukas et al., 2024). However, the effectiveness of these participatory processes is
determined by subjective dimensions of the actors, where perception and attitude are
fundamental factors.

Perception, understood as the cognitive process by which the brain organizes, interprets,
and gives meaning to environmental stimulus (Freré Arauz et al., 2022), is influenced by
prior experiences, emotions, and cultural context. This process significantly conditions
the acceptance of policies and the adoption of sustainable practices (Lépez-Porras et al.,
2018; Rosas-Barfios et al., 2023). Similarly, attitude, defined as a psychological tendency
composed of cognitive, affective, and behavioral components that influences the
evaluation of specific entities, exerts a direct influence on water management (Fishman
et al., 2021). Thus, while attitudinal differences can hinder distribution and generate
inequalities (Velasco-Munoz et al., 2023), there are also favorable positions towards
conservation.

Taken together, the perception of equity, transparency, and institutional trust, along
with attitudes toward cooperation, are crucial for the self-organization and sustainability
of irrigation systems (Howell e al., 2023; Whitley, 2024).

In this context, the operationalization of perception and attitude constitutes a
fundamental methodological tool. Capturing these subjective dimensions of water
governance allows for the identification of patterns associated with greater technical
efficiency, environmental sustainability, conflict reduction, and improved self-
organization in irrigation systems. Therefore, this research aimed to define the selection
criteria for the design and validation of a methodological tool that operationalizes the
concept of water governance through the variables of users’ perception and attitude for

efficient water management in the IDs.
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MATERIALS AND METHODS

This research employed a four-phase methodological design for the development and
validation of an instrument (Figure 1) used to assess perception and attitude variables
in water governance. This process adhered to rigorous conceptual standards, analyzing
scientific sources to ensure the tool’s validity, reliability, and practical utility (Sinharoy et
al., 2022).

Phase 1. Conceptual design. A reference framework was constructed, integrated into
the context of the 1Ds, based on methodologies such as: the Organization for Economic
Cooperation and Development (OECD, 2018), the United Nations Development
Programme (UNDP, 2015) and the Mexican Institute of Water Technology (IMTA,
2023); to define the dimensions of the indicator system (Pires et al., 2017; Benson et al.,

Construction of \ — OECD Q;‘r‘
integrated reference | | LD
PHASE 1: f ¢

\ ramework / - v = Definition of
CONCEPTUAL Sources < unep (B) core
DESIGN A - dimensions
( Result: A solid ) -~ mTa ( ~ )
\ theoretical-methodological base gy
Translation of / Definition of / Asociation with
PHASE 2: dimensions into / _ name, = specific
PSYCOMETRIC measurable construct and disaggregable

OPERATIONALIZATION R indicators algorithm iterns
| Result: Preliminary L o T
instrument A i

A 5 Delphi technigque with
- expert panel

[N )

Consensus

PHASE 3: ety
EXPERT g
JUDGMENT e

(VALIDATION A) o g

Yes, consensus
achieved

Construct validity  Reliability  Practical utility Other criteria
Pilot test
! application
T . Data contrast against
i reference parameters
PHASE 4:

EMPIRICAL — :
VALIDATION | Sy J Parameters
(VALIDATION B) jugdments. A

Optimal Average Minimum Goals

VALIDATED C)iagnosis and cominuousD
INSTRUMENT monitoring

Figure 1. Methodological design for the evaluation of the perception and attitude of water governance in
Irrigation Districts (IDs) in Mexico.
Source: Own elaboration.
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2019; Costa & Neto, 2023). This theoretical and methodological basis prevents the mere
grouping of indicators without a logical and systemic structure (Schneider et al., 2015; Linh
et al., 2025).

Phase 2. Psychometric Operationalization. The operationalization of each conceptual
dimension allowed the construction of measurable indicators associated with the perception
and attitude variables, using specific items adapted to different key stakeholders (Kang,
2022; Nelson et al., 2024), such as producers, technicians, and authorities. In this phase,
the names of the indicators, their theoretical meaning, and the calculation method were
defined (Azevédo et al., 2022).

Phase 3. Expert Judgment Validation (a priori). For this phase, it was proposed to use the
Delphi technique to form a multidisciplinary panel of experts and key users, thus ensuring
diversity and experience in the instrument’s domain (Mariano e al., 2022; Alaze et al.,
2025). Subsequently, it undergoes constant rounds of anonymous evaluation, where experts
assess each item according to the defined criteria and suggest improvements (Dragostinov
et al., 2022; Lim & Park, 2025) for application in a pilot test.

Phase 4. Empirical validation and comparison (a posteriori). The instrument was
validated by comparing the results with reference parameters to evaluate the actors’
performance (Dima, 2018). The results obtained served as a guide for making
contextualized judgments, adapting the assessment to specific realities and goals
(Renaud et al., 2020), on the complex constructs of water governance in irrigation
districts in Mexico. This process establishes that the tool is consolidated as a reliable
system for the diagnosis and longitudinal monitoring of water management, allowing
for adjustments and continuous improvements based on the results obtained (Gibbons

et al., 2021).

RESULTS AND DISCUSSION
Contextual analysis of the methodological framework

Currently, in the Mexican context, there is an increase in institutional distrust, in
participation in decision-making, and in the adoption of efficient practices in the use and
management of water due to centralized bureaucratic management and the perception of
a deficient institutional system that harms agricultural producers (Hunecke et al., 2017,
Navarro-Fréometa et al., 2019). Thus, overcoming these challenges requires interventions
that prioritize and restore social trust through concrete positive experiences and the
genuine strengthening of user associations and the effective decentralization of decision-
making (Aquino-Lépez and Aguilar-Sdnchez, 2019), which can create a change towards
effective governance.

Governance, particularly water governance, is recognized as a fundamental,
multidimensional construct for sustainable water management (Duc et al., 2024; Mishra
et al., 2021), primarily in scenarios where guaranteeing the human right to water faces
substantial social and institutional challenges. Bilalova e al. (2024) mentioned that this
approach encompasses political, social, economic, environmental, ethical and legal
dimensions, and is essential to address the complexity and conflicts inherent in the

management of this resource (Jiménez et al., 2020).
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Methodologies such as the one designed by the Organisation for Economic Co-
operation and Development (OECD, 2018) provide a conceptual framework based on
rules, practices, and multi-level processes. These methodologies analyze water governance
through the following dimensions: effectiveness, which refers to the capacity of governance
to define clear and sustainable water policy goals and objectives at different levels of
government, implement these objectives, and achieve the expected results; efficiency, which
is relates to the contribution of governance to maximizing the benefits of sustainable water
management and social welfare at the lowest possible cost; and trust and participation,
which relates to the capacity of governance to build trust among the population and
ensure the inclusion of stakeholders through democratic legitimacy and equity for society
in general (Villa-Landa & Perero Van Hove, 2022).

Similarly, the methodology developed by the United Nations Development Programme
(UNDP, 2015) is based on the following dimensions: social, which seeks the equitable
use of water resources; environmental, fostering the sustainable use of the resource and
the conservation of ecosystems; and political, aimed at social empowerment, so that
stakeholders and citizens have equal opportunities to influence and monitor political
processes and water management (Abbas et al., 2023). This achieves equity, efficiency,
sustainability, and the effective participation of all actors, especially vulnerable groups,
in decision-making and oversight of water management, thus making the human right to
water a reality.

Finally, in the Mexican context, the Mexican Institute of Water Technology (IMTA,
2023) has a methodology that has resulted in the design of indicators aligned with state
obligations, organized into analytical categories such as normative reception of the right,
budgetary commitment, institutional capacities, substantive equality, access to information,
and justice mechanisms. Regarding these proposed methodological frameworks, Norberto-
Cérdenas et al. (2024) stated that the indicators reflect a broader effort to strengthen
institutional transparency and legal frameworks in water management, suggesting a
comprehensive and structured approach to water rights and governance.

The integration of these three frameworks demonstrates that, beyond the differences in
their methodological structures, they share a common concept: effective governance. This
requires institutional strength, inclusive and genuine citizen participation, and well-defined
accountability mechanisms. I'urthermore, applying these methodological frameworks to
the reality of irrigation districts in Mexico reveals challenges that transcend the technical
and are deeply rooted in the social subconscious. Therefore, Bautista-Capetillo et al. (2025)
stated that a comprehensive approach is needed that combines technical improvements
with public policies, financial support, and strengthened collaborative networks to achieve

the effective and sustainable adoption of technologies in irrigation districts.

Operationalization of variables
Conceptual analysis of perception and attitude to design indicators on
water governance
The psychometric operationalization of variables constitutes a fundamental

methodological advance for understanding and translating subjective dimensions into
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quantitative data, which strengthen the management and evaluation of governance
(Miller & Lecoeuvre, 2014; Mubiri et al., 2024). Based on this analysis, and through
the triangulation of methodological frameworks such as those proposed by the OECD,
UNDP, and IMTA, the concepts of perception and attitude were operationalized
into variables, enabling the development of a series of indicators, ranging from
institutional trust to willingness to adopt innovations. The aim was to focus on the
behavior, willingness, and stance of users to adopt technological proposals for efficient
management in irrigation districts (Abila et al., 2024; Adla et al., 2024). This dual
construction, perception-attitude, 1s a methodological contribution that allows us to
interpret reality and behavioral predispositions (Castillo et al., 2021), to offer a more
holistic understanding of the factors that influence the effectiveness of water governance
at the local level (Table 1).

Validation through the expert panel

Based on the operationalization, the indicators to be validated were selected using the
Delphi technique, which aims to form a judgment based on the opinions of a group of
experts (Niederberger & Spranger, 2020). For the application of this method, anonymous
participation must be considered in an iterative process of at least two rounds, where the
experts are given feedback on the results obtained (Drumm et al., 2022). In addition, this
technique requires the selection of experts, through criteria such as qualitative aspects,
such as the k coefficient of expert competence (Cabero-Almenara et al., 2020; Ferndndez-
Goémez et al., 2020).

In this research, the dimensions of the first version of the questionnaire were defined:
1) the respondent’s experience in the efficient use and management of water; 2) knowledge
of the administrative and technical operation of irrigation districts; and 3) analysis of
the perception and behavioral attitudes of small-scale producer groups. Based on these
characteristics, 10 experts were invited to evaluate the relevance, clarity, wording, and
consistency of the response options for the items, using a dichotomous scale of “yes” and
“no” (Curteanu et al., 2025).

Aiken’s Vwill be calculated to measure the content validity of a measurement instrument
and identify the relevance of the items with respect to the specific domain of the group of
experts (Barbosa & Cansino, 2022; Sierra-Barén et al., 2025).

The calibration and validation carried out through this rigorous methodological
process has resulted in a scientifically sound, culturally adapted questionnaire capable
of generating reliable data to diagnose and improve water management in the Irrigation

Districts of Mexico.

CONCLUSIONS

The development and validation of the questionnaire presented in this research
constitutes a substantial methodological contribution to the field of water governance. Its
main innovation lies in the systematic operationalization of intangible constructs —that is,
the perceptions and attitudes of IDs users— through a system of quantifiable indicators,

supported by conceptual frameworks from international organizations and validated using
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Table 1. Construction of indicators on the perception and attitude on water governance in Irrigation

Districts in Mexico.

CONSTRUCT 1: USERS’ PERCEPTION OF WATER GOVERNANCE IN THE IDs

Dimension
Conceptual

Perception Indicator

Legal Framework

Level of knowledge of the internal regulations of the IDs

Perception of the clarity of the requirements for accessing water

Equity

Perception of the frequency of preferential treatment in water allocation

Perception of impartiality in conflict resolution

Coordination

Perception of the quality of the relationship between users and their
representatives

Perception of the fulfillment of duties by the IDs

Stake

Perception of opportunities to participate in IDs decisions

Perception of the attention given to needs by the IDs

Administration : Personnel

Perception of the quality of care provided by IDs staff

Perception of staff training in water management

Administration :
Finance

Perception of transparency in the use of resources

Perception of fairness in the calculation of quotas

Sustainability

Perception of the volume of water available for irrigation

Perception of the degree of water waste in the system

Perception of the adoption of water efficiency technologies

CONSTRUCT 2: USERS’ ATTITUDE TOWARDS WATER GOVERNANCE IN THE IDs

Dimension
Conceptual

Attitude Indicator

Legal Framework

Assessment of the need to update the internal regulations

Level of agreement with the rigor in the application of the regulations

Equity

Level of confidence in the impartiality of IDs staff

Assessment of mechanisms to prevent discrimination

Coordination

Willingness to collaborate in IDs improvement activities

Assessment of communication with the IDs

Stake

Appreciation of the importance of participating in decisions

Willingness to attend regular assemblies

Administration : Personnel

Assessment of the need to train staff

Level of satisfaction with the service received

Administration :
Finance

Level of agreement with increased fees for better service

Assessment of the need for external audits

Sustainability

Willingness to implement sustainable practices

Concern about the effects of climate change

Assessing the importance of infrastructure maintenance

Source: Own elaboration.
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the Delphi method. This methodological rigor moves beyond purely descriptive approaches,
facilitating the measurement of critical indicators such as institutional trust, perceived
equity in water distribution, and the predisposition to adopt technologies. The tool thus
provides a reliable empirical basis for conducting longitudinal assessments, identifying
critical points in management, and designing specific interventions. Consequently, it stands
as a strategic resource for transitioning toward adaptive governance in the IDs, promoting

more transparent, inclusive, and technically informed management.
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ABSTRACT

Objective: To evaluate the impact of bovine respiratory disease (BRD) on productive performance indicators
and hot carcass yield in feedlot cattle raised under intensive tropical production conditions.
Design/methodology/approach: A total of 1,378 cattle were classified into three groups: animals without
clinical signs of BRD, animals with one clinical event, and animals with two events during the fattening period.
An ANCOVA model was applied using arrival weight as a covariate, followed by Fisher’s LSD test for multiple
comparisons. Logistic regression was used to estimate the probability of presenting BRD as a function of hot
carcass yield (%).

Results: Cattle experiencing one or two BRD episodes showed significant decreases (p<0.05) in average daily
feed intake, daily weight gain, total weight gain, final live weight, and feed efficiency. Hot carcass weight and
carcass yield also declined progressively as the number of BRD episodes increased. Logistic regression revealed
a negative association between carcass yield and the probability of BRD occurrence, with stronger effects
observed in cattle that experienced two clinical events.

Limitations on study/implications: The study was conducted in a single feedlot operation, limiting the
generalizability of the findings. Further research in different production systems and climatic regions is
recommended to strengthen external validity.

Findings/conclusions: BRD exerts a clear and cumulative negative impact on cattle growth performance and
carcass yield. These findings highlight the need for strengthened preventive health programs, early diagnostic
tools, and improved management practices to mitigate the effects of BRD in tropical feedlot systems.

Keywords: feedlot cattle; BRD; carcass yield; productive performance; logistic regression.
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INTRODUCTION

Bovine respiratory disease (BRD) represents the condition with the greatest economic
and productive impact on beef cattle production worldwide and in Mexico (Snowder et
al., 2007; Rodriguez-Castillo et al., 2017). Its relevance is not limited to the high morbidity
and mortality it causes, but also to the substantial subclinical losses associated with reduced
average daily gain (ADG) and feed efficiency, and deterioration of carcass yield and quality
(Blakebrough-Hall et al., 2020; Fernandes ez al., 2025). BRD is a multifactorial syndrome
involving the interaction of infectious agents, environmental and management factors,
and animal-related characteristics, which together determine the clinical and subclinical
expression of the disease (Taylor e al., 2010; Blakebrough-Hall ¢t al., 2022).

BRD involves the synergistic interaction of respiratory viruses, including bovine
herpesvirus type 1 (BoHV-1), bovine viral diarrhea virus (BVDV), bovine respiratory
syncytial virus (BRSV), parainfluenza virus type 3 (PI3), and bovine respiratory
coronavirus, as well as opportunistic bacteria such as Mannheimia haemolytica, Pasteurella
multocida, Histophilus somni, Mycoplasma bovis, and Trueperella pyogenes (Taylor et al., 2010;
Fernandes et al., 2025; Monge-Navarro et al., 2025; Pratelli et al., 2024). Viral infections
cause epithelial damage and impair mucociliary clearance, facilitating deep bacterial
invasion that results in fibrinous bronchopneumonia, lung consolidation, and chronic
pulmonary lesions (Taylor et al., 2010; Fernandes et al., 2025).

Recent studies have demonstrated that even small lung consolidation lesions (=1 cmz),
detected by thoracic ultrasonography in calves at weaning, are associated with significant
reductions in early growth and persistent effects on carcass quality, particularly reduced
marbling scores (Fernandes et al., 2025). Persistent lung consolidation has also been linked
to increased susceptibility to secondary infections and systemic effects, including alterations
in the hepatic microbiota, although without conclusive evidence of profound dysbiosis
(Fernandes et al., 2025).

BRD shows higher prevalence during the receiving and adaptation phases in feedlot
systems, especially when animals are exposed to multiple stressors. These include long-
distance transportation, commingling of cattle from different sources, abrupt changes in
temperature and humidity, overcrowding, inadequate handling, dehydration, and sudden
dietary changes (Madureira-Ferreira et al., 2024). In tropical and subtropical regions,
high ambient temperature and humidity contribute to immunosuppression and enhance
environmental pathogen survival, thereby increasing the risk of disease outbreaks (Pratelli
et al., 2024).

Cattle affected by BRD exhibit reduced ADG, lower feed intake and nutrient utilization,
extended finishing periods, and poorer feed conversion efficiency (Blakebrough-Hall ez al.,
2020; Blakebrough-Hall et al., 2022; Wilson et al., 2017). Reported reductions in ADG
range from 0.11 to 0.14 kg/day in calves with early lung consolidation (Sdadatnia et al.,
2023; Fernandes et al., 2025), while decreases of up to 24 kg in carcass weight have been
observed in cattle repeatedly treated for BRD (Wilson et al., 2017).

The impact on carcass traits includes significant reductions in marbling score, ribeye
area, and hot carcass weight, as well as a higher proportion of carcasses classified in lower
quality categories (Fernandes et al., 2025; Blakebrough-Hall ez al., 2020). In addition,
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chronic lung lesions identified at slaughter have been associated with reduced carcass yield,
metabolic impairment, and increased likelihood of viscera condemnation (Fernandes et al.,
2025). Therefore, the objective was to evaluate, in an intensive tropical feedlot production

unit, the effect of BRD on key productive performance indicators and hot carcass yield.

MATERIALS AND METHODS
Study area

The study was conducted in a livestock production unit (LPU) located in the central
region of the state of Veracruz, Mexico. The climate of the area is classified as Aw2
(warm sub-humid climate) according to the Koppen-Geiger classification (Beck et al.,
2018; Vidal-Zepeda, 2005). Mean annual temperature ranges from 22 to 26 °C. From
May to September, the region experiences intense rainfall and tropical storms, with
annual precipitation reaching up to 1,500 mm, concentrated during the summer months.
Predominant northerly winds occur from October to March.

The sampling period extended from January 2023 to June 2024.

Animals and data collection

A simple random sampling design was applied, comprising 5% of the monthly cattle
population of the LPU, equivalent to approximately 82 animals per month (n=1,378).
Data for the present study were obtained in situ through clinical evaluation of animals and
from the daily production records of the LPU, including dates, live weights, and feeding
information. Data on hot carcass yield were obtained from slaughterhouse records where

the evaluated animals were processed.

Variables evaluated

The dependent variables analyzed were: live weight at arrival to the LPU (kg), time to
first antimicrobial treatment following clinical diagnosis of BRD (days), time to second
antimicrobial treatment following clinical diagnosis of BRD (days), average daily feed intake
(kg), duration of the fattening period (days), final live weight at the end of the fattening
period (kg), total feed intake during the fattening period (kg), total weight gain (kg), average
daily gain (kg/day), feed conversion ratio (kg of feed/kg of live weight gain), and hot carcass
yield (kg and %).

Experimental grouping
Independent variables were defined according to the clinical health status of the animals
during the fattening period:

* Group l: Animals without clinical signs of BRD (fever, cough, epiphora, nasal
discharge, tachypnea) throughout the entire fattening period in the LPU.

* Group 2: Animals that exhibited clinical signs of BRD on one occasion during their
stay in the LPU and received treatment.

* Group 3: Animals that exhibited clinical signs of BRD on two separate occasions

during the fattening period and received treatment.
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Statistical analysis
Data were analyzed using analysis of covariance (ANCOVA), where the main factor
was health status group and arrival live weight was included as a covariate. The statistical

model used was:

Yy = ptr, 4 B(x, — X)+ey
where: Yij is the response variable; ¢ is the overall mean; 7; is the effect of the i-th group
(i=1, 2, 3); B is the regression coefficient for the covariate, X is the arrival weight of the j-th

observation in the i-th group, X is the mean arrival weight, and € is the random error

assumed to be normally distributed [N (O,U2 )]

Multiple comparisons among group means were performed using Fisher’s least
significant difference (LSD) test (p<0.05). All statistical analyses were conducted using
STATISTICA v10 (2011).

Additionally, logistic regression analysis was performed to estimate the probability of
animals having experienced one or two BRD clinical events as a function of hot carcass

yield (%). The logistic regression model was expressed as:

1og(£) = B, + B, X

where: P represents the probability of BRD occurrence; 8, is the intercept; 3, is the slope
coefficient; X corresponds to hot carcass yield (%).

RESULTS AND DISCUSSION

The analysis included a total of 1,378 cattle distributed into three groups according to
the presence of clinical signs compatible with bovine respiratory disease (BRD): animals
that remained clinically healthy throughout the fattening period (n=1,062), animals that
experienced one clinical event (n=204), and animals that experienced two clinical events
(n=114). Significant differences (p<0.05) were detected among groups for all productive
variables evaluated (Table 1).

Healthy animals exhibited the highest values for growth performance and feed efficiency
indicators, whereas cattle that experienced two BRD events showed the lowest values. Live
weight at arrival to the LPU differed significantly among groups (p=0.001), with mean
values of 288.69+1.58 kg for healthy animals, 273.22+3.27 kg for animals with one BRD
event, and 255.42+4.04 kg for animals with two BRD events. These initial differences
were consistently reflected in productive performance throughout the fattening period.

Average daily feed intake decreased progressively as the number of BRD clinical events
increased (p=0.001). This reduction was accompanied by a significant decline in average
daily gain, which averaged 1.22%0.01 kg/day in healthy animals, 1.15%0.01 kg/day in
animals with one BRD event, and 1.04+0.02 kg/day in animals with two BRD events.
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Table 1. Productive performance indicators of healthy cattle and cattle that showed clinical signs of bovine respiratory disease (BRD) on one or
two occasions during the fattening period in the livestock production unit.

Dependent variables Healthy animals Animals affected Anir’nals affected p-value
(N=1,062) once (N=204) twice (N=114)

Live weight at arrival to the LPU (kg) 288.69+1.58¢ 273.22+3.27 255.42+4.04* 0.001
Time to treatment application (days) Aok 19.50%1.71 15.97£2.43 otk

Average daily feed intake (kg) 9.40+0.01° 9.36+0.04" 9.09%0.05" 0.001
Duration of the fattening period (days) 196.64+0.99* 194.50+2.27% 209.66%3.05" 0.001
Final live weight (kg) 518.00+1.51°¢ 508.00%3.46" 499.93+4.66" 0.001
Total feed intake (kg) 1830.00+8.87% 1810.46+20.34" 1889.39+27.34" 0.001
Total weight gain (kg) 234.30+1.51" 294.30+3.46% 216.23%4.66 0.001
Average daily gain (kg/day) 1.22+0.01¢ 1.15%0.01° 1.04+0.02* 0.001
Feed conversion ratio (kg of feed/kg of live weight gain) 8.20+0.07* 8.64+0.16" 9.31+0.22" 0.001
Hot carcass weight (kg) 310.04%0.97¢ 300.98+2.22" 291.09+2.99* 0.001
Hot carcass yield (%) 59.89+0.10° 59.30%0.23" 58.24+0.31* 0.001

¢ Different superscript letters within the same row indicate significant differences among groups (Fisher’s LSD test, p<<0.05).

Similarly, feed conversion ratio deteriorated significantly (p=0.001), reaching values of
8.20x0.07, 8.64%0.16, and 9.31£0.22 kg of feed per kg of live weight gain for Groups 1,
2, and 3, respectively.

Final live weight at the end of the fattening period also decreased significantly
in association with BRD occurrence (p=0.001). Consequently, marked differences
were observed in hot carcass yield. Healthy animals achieved a mean carcass yield
of 59.89+0.10%, whereas animals with one and two BRD events recorded yields of
59.30£0.23% and 58.24%0.31%, respectively (p=0.001). In addition, hot carcass weight
declined significantly with increasing disease recurrence, with values of 310.04+0.97 kg
for healthy animals, 300.98£2.22 kg for animals with one BRD event, and 291.09%2.99
kg for animals with two BRD events.

Logistic regression analysis (Table 2) indicated that hot carcass yield was negatively
associated with the probability of experiencing a BRD clinical event. For animals with one
BRD event, the model showed a negative slope (B1=—0.0811; p=0.0001), indicating that
lower carcass yield percentages were associated with increased probability of disease. This
effect was more pronounced in animals with two BRD events (B1=-0.1084; p=0.0001).
Odds ratio estimates confirmed this relationship, showing that for each one-percentage-
point decrease in hot carcass yield, the probability of having experienced one or two BRD
events increased by 7.8% and 10.3%, respectively.

Figure 1 illustrates the negative relationship between hot carcass yield and the probability
of BRD occurrence, showing that disease probability increased as carcass yield decreased,
with a steeper slope observed in animals that experienced two clinical events. Within
the biological window of 40—70%, a clear separation between both curves was observed,

confirming the sensitivity of carcass yield as a variable associated with the clinical history
of BRD.
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Table 2. Logistic regression estimates for the probability of showing clinical signs of bovine respiratory
disease (BRD) on one or two occasions in relation to hot carcass yield (%).

Animals affected once Animals affected twice
(n=204) (n=114)
N=1378
Intercept Slope Intercept Slope
B, B, B, B,

Estimate 3.6072 —0.0811 4.0048 —0.1084
Standard error 1.1183 0.0188 1.4157 0.0241
t-value (1376) 3.2255 —4.3029 2.8289 —4.4987
p-value 0.0013 0.0001 0.0047 0.0001
95% CI (lower) 1.4133 —0.1180 1.2276 —0.1557
95% CI (upper) 5.8010 —0.0441 6.7820 —0.0611
Odds ratio (per unit change) 36.8621 0.9221 54.8621 0.8973
95% CI (lower) 4.1096 0.8887 3.4132 0.8559
95% CI (upper) 330.6413 0.9569 881.8292 0.9407

—— Logistic fit — one BRD event
P=2.7182(3.607 1+(-0.0810)*x }/(1+2.7182(3.607 1+(-0.0810)"x))

—— Logistic fit — two BRD events
P=2.7182(4.0048+(-0.1083)*x )/(1+2.7182(4.00482+(-0.1083)"x))
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Figure 1. Logistic regression analysis showing the probability of having presented clinical signs of bovine
respiratory disease (BRD) as a function of hot carcass yield (%). The blue line represents the logistic regression fit
for animals that experienced one clinical event, while the red line represents the fit for animals that experienced
two clinical events. The dashed box (40-70%) represents the biological analysis window.

The results of the present study demonstrate that the occurrence of clinical signs
compatible with bovine respiratory disease (BRD) has a significant negative impact on
productive performance indicators and carcass yield in cattle raised under an intensive
feedlot system in the humid tropics of Veracruz. Consistently, animals that experienced
one or two BRD clinical events exhibited lower average daily gain, poorer feed conversion
efficiency, and reduced carcass weights compared with healthy animals. These findings

are consistent with previous reports from intensive production and feedlot systems, where
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BRD has been identified as the primary cause of reduced productive efficiency in beef
cattle (Blakebrough-Hall et al., 2020; Wilson et al., 2017).

The observed decline in productivity can be explained by the pathophysiology of
BRD, which is characterized by pulmonary parenchymal inflammation, reduced effective
respiratory capacity, hypoxemia, and alterations in energy metabolism (Taylor et al., 2010).
Systemic inflammation is associated with increased maintenance energy requirements, as
well as a reduction in voluntary feed intake (Fernandes e al., 2025). These mechanisms
are consistent with the findings of the present study, in which average daily feed intake
decreased progressively as animals experienced one or more BRD clinical events. Similar
patterns have been reported by Sdadatnia ez al. (2023), who demonstrated that calves with
early lung consolidation exhibit reduced feed intake and significant decreases in average
daily gain.

The reduction in final live weight and carcass yield observed in this study agrees
with previous reports describing cattle that experienced repeated BRD events. Wilson
et al. (2017) reported that cattle treated multiple times for BRD exhibited lower carcass
weights and reduced deposition of muscle and adipose tissue. Likewise, Fernandes
et al. (2025) demonstrated that even small lung consolidation lesions can have long-
term effects on marbling and carcass classification at slaughter. In the present study,
both hot carcass weight and carcass yield percentage decreased significantly as the
frequency of BRD clinical events increased, indicating that BRD compromises muscle
growth, metabolic efficiency, and the animal’s capacity for tissue accretion and carcass
development.

Logistic regression analysis provided additional evidence of the association between
carcass vield and the probability of disease occurrence. The negative slope coefficients
indicate that as carcass yield decreases, the probability that an animal experienced one
or two BRD clinical events increases. This pattern is consistent with findings reported
by Snowder et al. (2007), who identified negative correlations between BRD incidence
and carcass traits, and it reinforces the usefulness of carcass yield parameters as indirect
indicators of the animal’s respiratory health history.

The greater productive impact observed in animals that experienced two BRD events
suggests that disease recurrence has a cumulative effect on performance. This finding
is in agreement with Blakebrough-Hall et al. (2022), who reported that the duration
and repetition of BRD events increase the likelihood of residual lung damage and
amplify variability in productive responses. In addition, studies conducted in Mexico
have documented that long-distance transportation, thermal stress, and commingling
of animals from different origins increase BRD morbidity and directly affect feedlot
efficiency (Rodriguez-Castillo et al., 2017; Monge-Navarro et al., 2025). These factors
are particularly relevant in tropical production systems, where environmental conditions
may further exacerbate cattle susceptibility to respiratory disease.

The present study also confirms that feed conversion efficiency is compromised in
animals with a history of BRD. Epidemiological studies have shown that BRD alters protein
and energy metabolism by diverting nutrients toward immune responses, thereby limiting
growth efficiency (Madureira-Ferreira et al., 2024). This reduced metabolic efficiency
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constrains the animal’s ability to fully recover productive performance following a clinical
disease event.

Finally, although this study was conducted in a single livestock production unit, the
results are consistent with both international and national reports, suggesting that BRD
is a key determinant of productive performance and carcass economic value in beef
cattle systems in the Mexican tropics. Future studies should incorporate physiological,
environmental, and genetic variables to better model individual disease risk and to develop

more precise mitigation and prevention strategies.

CONCLUSIONS

Bovine respiratory disease (BRD) significantly affects productive performance and
carcass yield in feedlot cattle, as animals that experienced one or two clinical events
exhibited lower average daily gain, poorer feed conversion efficiency, and reductions in
both hot carcass weight and yield. These negative effects became more pronounced as the
recurrence of clinical disease increased. The negative association observed between carcass
yield and the probability of BRD occurrence confirms that the disease exerts a direct and
cumulative impact on productive efficiency. Therefore, these findings highlight the need
to strengthen preventive strategies, early diagnostic approaches, and health management

practices in intensive feedlot systems operating under tropical conditions.
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ABSTRACT

Objective: This study aimed to evaluate the genetic and environmental effects on milk production and
composition in dual-purpose cows in the Veracruz tropics.

Methodology: A population of 79 cows grouped by crossbreeds in different proportions of ZebuXHolstein
(17), ZebuXSwiss (50), and ZebuXHolstein X Swiss (12) was used. Milk samples were collected at 28-day
intervals and analyzed using infrared (IR) spectrophotometry (MilkoScan FT-120, A/S FOSS Electric®).
Adjusted means were estimated using PROC GLM from SAS®. The fixed effects included in the model were:
genotype, herd, season, lactation number, year, and cow identification. The response variables were: lactation
duration (days), production (kg), fat, protein, and lactose (%).

Results: The duration of lactation averaged 307%=71.95 days, with total production of 1,240%+468.19 kg.
The values for protein, fat, and lactose were 3.18+0.41, 3.49+0.82, and 4.42+0.47, respectively. Significant
differences (p<<0.05) were found for the effects of year, calving season, and number of calvings on lactation
duration (319£6.6 days) during the dry season and total milk production per lactation during the same season
(1,239£40.6 kg) by number of calvings. The longest lactation duration was reported in primiparous cows
(345%7.5 days). The effect of sampling season on milk composition was significant (p<0.05) in the rainy season
for protein (3.4%0.03 %) and fat (3.8+£0.08%).

Study limitations: This study is limited to a dual-purpose production system with crossbred cattle of different
racial composition, under the management and environmental conditions of the participating herds.
Conclusions: The results indicate that milk production and composition are influenced by environmental
factors and by differences between the groups evaluated.

Keywords: lactation, fat, protein, genetic, environmental.

INTRODUCTION

It is estimated that by 2050, the world population will reach 9.7 billion, creating a need
to increase animal products (UN, 2022). Cow milk production is one of the most important
livestock activities worldwide to meet this demand (North et al., 2023).
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Mexico ranks 14" worldwide in cow’s milk production in 2023, with 13.5 billion liters
per year (CANILEC, 2024). This production takes place under diverse agroecological,
technological, and socioeconomic conditions (Barrén et al., 2023), which has given rise
to three production systems: specialized or intensive, semi-specialized or family-based,
and dual-purpose (SDP) (SIAP, 2021; CANILEC, 2024). Among these, SDP is mainly
found in the tropical region, mainly in the state of Veracruz, which accounts for 6.1% of
national milk production (SIAP, 2024). The tropical zone offers potential for increasing
milk production and quality through genetic crossbreeding used in SDP (Quero et al.,
2018, INIFAP, 2018). One of the challenges for livestock farming in this area is to identify,
analyze, and estimate milk production and quality parameters and compare them with
reference values (Loera & Banda, 2017). In this regard, understanding the variability of
milk composition and production in SDP cows will allow for the identification of factors that
influence their performance, such as agroecological conditions, nutritional management,
and milking practices. This will facilitate the design of strategies to improve milk quality,
optimize resources, and increase producer profitability, strengthening the dairy sector and
promoting sustainability and economic development in rural communities that depend on
this system.

Therefore, the objective of this study was to evaluate the genetic and environmental

effects on milk production and composition in dual-purpose cows in the Veracruz tropics.

MATERIALS AND METHODS
Study location

The research was conducted with lactating cows from three dual-purpose (DP) dairy
herds located in the central region of the state of Veracruz de Ignacio de la Llave, Mexico.
Herd 1 was located in the municipality of Cotaxtla (18.83° N, —96.31° W; 116 m above
sea level), herd 2 was located in the municipality of Jamapa (18.59° N, —96.15° W; 22
m above sea level), and herd 3 was located in the municipality of Veracruz (19.10° N,
—96.12° W; 14 m above sea level). All three herds have a warm subhumid climate (Aw)
according to the Koppen classification modified by Garcia (Garcia, 2004).

Study population

A population of 79 crossbred cows in a dual-purpose production system was
used. All animals had production and pedigree data. The grouped genotypes were
HolsteinXZebu (H/C) crosses (n=17), Brown SwissXZebu (S/C) crosses (n=>50), and
Brown Swiss X Holstein X Zebu (S/H/C) crosses (n=12).

Animal handling

The animals were fed using controlled rotational grazing with grass varieties such
as Digitaria decumbens, Brachiaria decumbens, Brachiaria brizantha, Brachiaria dictyoneura,
Cynodon nlemfuensis, Megathyrsus maximus, and native grass (Paspalum spp. and Axonopus
spp-)- Supplementation consisted of commercial feed containing 18% protein, supplied at
milking time (2 kg per cow), in addition to mineral salts (phosphorus 18%, calcium 18%,

sodium 5%, magnesium 4.5%) and free access to water.
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The recorded production corresponded to milk milked. In the three herds studied,
milking management involved restricted suckling of the calves. During the first 60 days of
life, the calves were left a quarter of the udder with residual milk and then only residual milk
until weaning. Itis estimated that the milk consumed by the calf accounts for approximately
17% of total production (Cervantes et al., 2007; Betancourt et al., 2012). Milking was done
mechanically once a day, in the morning.

Reproductive management was by direct mating and artificial insemination. In terms
of health management, vaccination was carried out twice a year against bovine paralytic

rabies and clostridial diseases, as well as annual deworming.

Milk sampling

Milk production for cows in herd 3 was recorded using the milk weighing device on
the mechanical milking machine, while for the other two herds it was recorded using a
mechanical clock scale. A total of 652 records were obtained for the period from January
2023 to September 2024.

Milk samples were obtained at 28-day intervals using a simple mechanical milking
system. In each herd, 100 ml of milk samples, without preservatives, were collected in
capped bottles and kept refrigerated (8 °C) until analysis. Each sample was collected
individually at the time of milking to exclude possible adulteration with water, in
accordance with the parameters established in Mexican Official Standard NOM-155-
SCFI-2012 and the methods of the Association of Official Analytical Chemist (AOAC
International, 2016).

In order to consider the seasonal effect, the samples were classified into three periods:
dry (March to May), rainy (June to November), and windy seson (December to February).

Analysis of milk samples

The milk composition analysis was performed in duplicate during the first 24 hours after
collection using infrared (IR) spectrophotometry using a MilkoScan FI-120 equipment,
A/S FOSS Electric®. The values recorded were: milk production (kg), fat (%), protein (%),
lactose (%).

Compilation of information on production units and animals used in research
The production units were characterized by recording information on pedigree, genetic

group, cow age, number of lactations, milk production, calving date, and days in lactation.

The variables under study were: duration of lactation (days), milk production (kg), fat,

protein, and lactose (%).

Statistical analysis

SAS (SAS Institute Inc., Cary, NC, USA) version 9.4 (SAS 2024) was used for data
exploration and analysis. The response variables were verified to be normally distributed
using the Kolmogorov-Smirnov test of the UNIVARIATE procedure.

An analysis of variance was performed using the least squares method through a general
linear model, with the GLM procedure including the fixed effects of genetic group, year,
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herd, sampling period, calving period, and number of calvings. The duration of lactation

was included as a covariate in the corresponding models.

Yt =,u+al.+bj.+ck +d, +e,+ [, +g e

i ijklmno

Where: Yl.j. =Duration of lactation (days), Milk production (kg), fat, protein, and lactose

klmno
(%); u=Opverall average; a,=i-th genetic group effect; bj=j—th year effect; ¢,=£-th herd
effect; d;=effect [-th sampling period; ¢, =m-th effect number calving period; f, =f-effect:

number of calving; g =covariate; & =random error.

ijklmno
The final model included the main effects and interactions that were significant (P<0.05)
in preliminary analyses. Fisher’s protected LSD test was used to determine statistically
significant differences (P<0.05) between the effects considered in the final models. A
Pearson correlation analysis was performed using the CORR procedure in SAS® (2024)
between the concentration of its components and the total milk production variable.

RESULTS AND DISCUSSION
Descriptive statistics

Table 1 shows the average values, number of observations, and descriptive statistics for
the animals used in each analysis, by variable analyzed.

The duration of lactation averaged 307+71.95 days, which is higher than the 219+39.6
days reported by Peralta et al. (2021) in SDP. This variation may be associated with
differences in reproductive management and drying criteria, since in the herds evaluated,
cows were dried off upon confirmation of pregnancy, so the duration depended on the
open days (Cristébal et al., 2007; Lopez et al., 2009; Recinos et al., 2017).

The average total production was 1,240 kg, lower than that reported by Magafa e/
al. (2016), who documented an average of 1,490 kg with an average lactation period of
213 days. This difference can be attributed to the fact that, in the study by Magana et al.,
the cows had access to forage throughout the year, with irrigation of the pastures, and
therefore milk production was not affected by seasonality (Jayasinghe e al., 2024). In terms
of composition, the average protein content was 3.18%, fat 3.49%, and lactose 4.42%, which
is within the acceptable range according to NOM-155-SCFI-2012. The protein, fat, and
lactose values were similar to those reported in previous studies by Cervantes et al. (2015)
and Judrez et al. (2016) under dual-purpose system conditions.

Table 1. Number of observations and descriptive statistics for lactation duration (days), production (kg),
protein (%), fat (%), and lactose (%).

Variable N Average SD Minimum | Maximum
Duration of lactation 480 307 71.95 127 436
Total yield per lactation (kg) 471 1,240 468.19 152.5 2,375.56
Protein 652 3.18 0.41 1.89 5.37
Fat 652 3.49 0.82 1.73 5.95
Lactose 652 4.42 0.47 1.98 5.86
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Effects of the model

Table 2 shows the significance level (Pr>F) of each fixed effect included model of the
variables analyzed.

The genotype showed a highly significant effect only on the duration of lactation. In
contrast, the herd influenced total production and fat content (p<0.01) and, to a lesser
extent, protein (p<0.03), suggesting differences between production units associated with
management, forage availability and quality, and animal variation (Aranguren et al.,
2011). The sampling year affected the duration of lactation, total production, and protein
(p<0.01), and showed a minor effect on fat (p<0.05), reflecting interannual variation in
climatic conditions and/or management practices. The sampling period influenced total
production and protein (p<0.01) and fat (p<0.05), while the calving period affected the
duration of lactation, total production, and fat (p<0.01), highlighting the role of seasonality
on productive response (Calunga et al., 2007). Finally, the number of calvings had a highly
significant effect on lactation duration and total production, and a significant effect on fat,
which is consistent with the expected physiological variation between primiparous and
multiparous cows (Roca et al., 2012).

Table 3 presents the least square means (+SE) for year, sampling season, and calving

season for lactation period and total production per lactation.

Table 2. Pr>F values for the fixed effects included in the models.

Effect duz:‘.::::z‘c’l‘;ys) oro d:;"tt;ln (kg | Prowin(h) | Fat(%) | Lactose (%)
Genotype <0.0001%* 0.1454 0.3586 0.9560 0.6988
Herd 0.644 <0.0001%* 0.0204* 0.0013%** 0.0895
Sampling year <0.0001%** <0.0001** 0.0004** 0.0434* 0.0961
Sampling season 0.0548 0.0009** <0.0001%** 0.0259* 0.0646
Calving season <0.0001%** <0.0001%* 0.1107 0.0051%* 0.4943
Calving number <0.0001%** <0.0001%* 0.0650 0.0235* 0.1529

** Highly significant (p<0.01); * Significant (p<0.05).
ghly sig] p ; g p

Table 3. Least square means (£ SE) by year, sampling season, and calving season for lactation
period and total milk production per lactation.

Lactation period Total milk production
Effect
(days) per lactation (kg)
v 2023 321+6.1% 905+37.4*
ear
2024 283+5.8" 1,323%36.5"
Dry 297+6.5% 1,107+40.1*
Sampling period Rain 292+6.0% 1,232+36.9"
Windy 313+7.1% 1,002+43.4¢
Dry 319+6.6" 1,239+40.6"
Calving season Rain 286+5.1" 1,101 +31.8"
Windy 297+6.1" 1,000%37.4

¥ Different letters within each column and effect indicate differences (P<0.05).
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Differences (P<0.05) were observed in lactation duration and total milk production per
lactation associated with year and calving season, as well as differences in milk production
by sampling season (Table 3). In 2023, lactation duration was longest (321%6.1), but total
production was lower (905%37.4 kg) compared to 2024 (283+5.8 days and 1,323+36.5
kg). This demonstrates the impact of analyzing production records for decision-making, as
preliminary results for 2023 showed that cows remained in milking for a long time and it
was possible to make adjustments to this parameter to optimize the efficiency of the system.
The sampling period did not alter the duration of lactation (P>0.05); however, total
production was higher during the rainy season (1,232+36.9 kg) than during the dry season
and windy season (Table 3), which coincides with the influence of seasonality on forage
availability and quality and, therefore, on productive performance (Arias et al., 2008).

In terms of calving season, cows that calved during the dry season had the longest
lactation period (319%6.6 days) and highest total production (1,239%40.6 kg) than those
that calved during the rainy and windy seasons (Table 3). These results are consistent
with those reported by Castillo ez al. (2017), who mention that cows that calved during
the dry season had higher milk production adjusted to 305 days, with almost 150 kg more
milk than cows that calved during the rainy season. The timing of calving has an effect
on production trajectory, since, as Vélez de Villa (2013) mentions, when calving occurs at
least two months before the peak of maximum forage production, cows tend to produce
milk fairly uniformly during the first four months of lactation. Table 4 presents the least
square means (£SE) for genotype, herd, and number of calvings in lactation length and
milk production per lactation.

Concerning to the effect of genotype, significant differences were observed in the
duration of lactation; cows in the H/C group had the shortest duration (273%=11.0 days),
compared to the S/C and S/H/C groups (327£8.9 and 339+9.8 days, respectively) (Table
4). However, the results obtained differ from those reported by Rios et al. (2015), who
obtained 266.92+61.61 days. This may be largely due to the management practices used
in each of the herds in the different studies. There were no significant differences between
genotypes (p<0.05) in milk production per lactation.

For the herd effect, significant differences were found in milk production per lactation
(p<0.05); herd 3 had the lowest value (1,168.9%=35 kg), compared to herds 1 and 2
(=1,500 kg) (Table 4). These differences may be due to the quality and availability of
feed resources, even though efforts were made to standardize management conditions
(Magana et al., 2016).

With regard to the number of calvings, a clear pattern can be seen: first-calf cows
produced less milk (828+47.3 kg), even with more days in lactation (345%7.5 days),
compared to cows with two or more calvings (Table 4). As the number of calvings
increased, the duration of lactation decreased slightly, while milk production increased,
reaching its peak in cows with five or more calvings. These results are consistent with
those reported by Calderén et al. (2025), who report that first-calf cows had lower milk
production compared to cows with two or more calves. This reflects, as mentioned by
Salazar et al. (2014), that milk production in the first lactation is influenced by the growth
rate and age at first calving.
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Table 4. least square means (£SE) by genotype, herd, and number of calvings for lactation
duration and milk production per lactation.

Effect Duration of lactation Milk prot?.uction per

(days) lactation (kg)

H/C 273+11.0% 1,191+49.7 %

Genotype S/C 327+8.9°" 1,092+31.3*
S/H/C 339+9.8" 1,058+46.6 *

1 299+7.3* 1,498+44.6 *

Herd 2 306=9.3* 1,501%£56.7*

3 297%x5.8" 1,168.9%+35.4¢

1 345+7.5% 828+47.3°¢
2 267+8.0" 1,154+50.2 *

N‘E‘;}:}: of 3 301£6.5 ¢ 1,125+39.7"
4 300+8.1¢ 1,189+49.8 ab

5+ 290+7.7¢ 1,272+47.2*%

B¢, Different letters within each column and effect indicate differences (P<0.05).
Composition
Table 5 presents the least square means (£SE) for year, sampling season, calving season,

genotype, herd, and number of calvings for protein, fat, and lactose.

Table 5. least square means (£SE) by effect for protein, fat, and lactose (%).

Effect Protein (%) Fat (%) Lactose (%)
Veur 2023 3.1£0.03" 3.6+0.08 4.4%0.05
2024 3.3%0.03" 3.8+0.08" 4.2+0.04"

Dry 3.1%0.04" 3.5+0.08" 4.2%0.05

Sampling period Rain 3.4%0.03" 3.8+0.08" 4.4%0.04"
Windy 3.1£0.04" 3.7%0.09" 4.3£0.05"

Dry 3.240.04" 3.6+0.08" 4.3£0.05"

Calving period Rain 3.1+0.03" 3.6=0.07* 4.3+0.04"
Windy 3.2+0.03" 3.8+0.08" 4.3£0.05"

H/C 3.3£0.05" 3.7%0.10" 4.38+0.06"

Genotype s/C 3.2+0.03" 3.7£0.06 4.32+0.04*
S/H/C 3.2+0.04" 3.7%0.10 4.35+0.06"

1 3.2+0.04" 3.5+0.09" 4.36£0.05"

Herd 2 3.2+0.05a 4.0+0.12" 4.25+0.07°

3 3.3%0.03" 3.6+0.13 4.44%0.04

1 3.240.04" 3.7%0.10° 4.42+0.06°

2 3.240.05" 3.7%0.11° 4.29+0.06*

Number of births 3 3.240.04" 3.7+0.08 4.40%0.05°
4 3.3%0.05" 3.9%0.10" 4.37+0.06*

5+ 3.2£0.04" 3.5%0.10°" 4.29+0.06*

¢, Different letters within each column and effect indicate differences (P<0.05).
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Regarding to the effect of year, significant differences were observed between 2023 and
2024 for protein, fat, and lactose (Table 5). In 2024, higher values were recorded for protein
(3.3%0.03%) and fat (3.8+0.08%), while lactose was slightly lower (4.2+0.04%) compared
to 2023. These differences may be related to climatic, nutritional, and management
variations between years (Jayasinghe ez al., 2024).

In terms of the sampling season, there were significant differences in protein (3.4 0.03%)
and fat (3.8 £0.08%) content during the rainy season compared to the dry and windy season
(Table 5). This could be associated with better forage quality and availability, since during
the dry season it tends to be more fibrous and less nutritious, which reduces nutrient intake
(Bolanos et al., 2011). Similar results were reported by Martinez et al. (2020), who observed
higher fat values during the rainy season.

As for lactose, no significant differences were found by sampling period (p>0.05).
Cervantes et al. (2015) reported higher average values under SDP conditions, which may
be related to higher lactation production. In general, lactose plays an osmotic role in the
mammary gland, regulating water entry into the alveoli and, therefore, the volume of milk
secreted (Sadovnikova et al., 2021).

For the effect of calving season, fat was the component significantly affected, with higher
content in cows that calved in the windy season (3.8+0.08%) (Table 5). This behavior may
be associated with production volume (dilution effect), in which higher volumes tend to be
accompanied by lower fat concentrations and vice versa (Angulo ez al., 2009). In this study,
total milk production per lactation was lower in the windy season (1,002+43.4 kg) and was
associated with higher fat concentration.

No significant differences were observed in terms of genotype, herd, and number of
births (p>0.05), which differs from the findings reported by Cervantes et al. (2015). This
discrepancy could be attributed to the possible genotype X environment interaction, where
the effect of genotype may not manifest itself in the same way under different environmental
conditions, especially in tropical regions (Silva et al., 2021).

In relation to the number of calvings, significant differences were observed only
in fat (p<0.05): cows at calving 4 had the highest value (3.9+0.10%), and the content
tended to decrease in subsequent calvings (Table 5). This pattern has been reported in
cows in tropical grazing systems (Rosendo et al., 2021). Some studies, however, report
increases in protein with the number of lactations (Vargas et al., 2016; Heinrichs et al.,
2005).

Table 6 shows Pearson’s correlations between total milk yield per lactation.

Significant correlations were observed between some milk components (Table 6). Total
production showed a weak negative correlation with fat content (r=—0.114; p=0.004),
while no significant correlations were detected with protein or lactose content. This behavior
is consistent with a dilution effect, in which, as milk volume increases, the concentration
of certain components may decrease (Vargas et al., 2016). On the other hand, protein was
correlated with fat (r=0.582; p<0.0001) and lactose (r=0.469; p<0.0001). Similar results
have been reported by Barrientos et al. (2015) and Plascencia et al. (2021), although with
higher magnitudes.
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Table 6. Pearson correlations (r) between total lactation yield and milk
components (n=652).

Variables r P
Total production vs. Protein —0.027 0.4896
Total production vs. Fat —0.114 0.0038*
Total production vs. Lactose —0.016 0.6868
Protein vs. Fat 0.582 <0.0001*
Protein vs. Lactose 0.469 <0.0001*
Fat vs. Lactose 0.182 <0.0001*

* Significant correlation (p<0.05).

Taken together, these results suggest that, in addition to production volume, variation
in milk components responds to physiological mechanisms of the mammary gland and the

availability of substrates for milk synthesis (Rodriguez and Gémez, 2013).

CONCLUSIONS

In dual-purpose systems in the humid tropics, milk production and composition vary
depending on environmental effects and animal characteristics. The duration of the
lactation and total production were associated with year, sampling season, calving season,
genotype, and number of calvings. These sources of variation should be incorporated into
the analysis of productive performance for a more accurate interpretation of the results.
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ABSTRACT

Objective: Develop a sequential decision algorithm to select plants in populations without repetitions
based on an ideotype, using a logical process that employs everything from spreadsheets to programming
languages.

Design/methodology/approach: A sequential algorithm based on conditional logic is proposed that
implements a multi-criteria filtering process. The algorithm can be implemented on different numerical
analysis platforms as it is based on a sequential logical decision process. To validate its application, a selection
was made from a population of 60 coffee plants (Coffea arabica L.) of the Sarchimor T5296 variety, using Excel
as the platform and the AND function due to its accessibility.

Results: Nine plants were selected that exhibited the desired characteristics of yield, plant height, canopy
diameter, bienniality (I), and resistance to orange leaf rust, demonstrating the algorithmic selection capability.
Limitations on study/implications: The method has limitations inherent to its binary sequential design: (1)
it does not differentially weight the importance of criteria, (2) it does not consider negative correlations between
characters in simultaneous selection, and (3) it depends on thresholds defined a priori.

Findings/conclusions: The algorithm made it possible to select plants with behavior similar to or superior
to the ideotype in contexts where conventional statistical methods are not applicable because they require
replicated experimental designs.

Keywords: Plant breeding, Numerical method, Sequential logic, Phenotypic traits.

INTRODUCTION

Ideotypes are biological models based on traits like productivity, physiology, and
environmental adaptation. These traits help select the best plants for genetic improvement
(Donald, 1968; Dickmann et al., 1994; Carbajal-Friedrich and Burgess, 2024). Anideotype
helps identify potential parent plants in a population by their phenotype (Gauffreteau,
2018). To use this method, we need to define the desirable traits in plants. These traits
relate to production and responses to biotic and abiotic factors (Dickmann et al., 1994).

Trials are crucial for studying how a plant population performs and for choosing the
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best individuals based on the ideal type criteria through mass selection (Breseghello and
Coelho, 2013). The trials should involve enough plants to find those with the desired
traits (Cortina et al., 2013).

However, traditional selection methods can be slow and biased. Many plant breeders
perform these tasks by hand, which leads to inefficiencies (Azimzadeh et al., 2010).
Researchers have developed various numerical and computational methods to improve
this. Hazel’s selection indices (1943) assign weights to traits based on their economic
importance. Pesek and Baker (1969) focus on desired genetic gain. Mulamba and Mock
(1978) suggest a non-parametric index to rank traits’ importance. Mendes ¢z al. (2009)
suggest using standardized trait measurements and choosing those with the best scores.
Rocha et al. (2018) introduced the FAI-BLUP Index, which selects genotypes close to
the ideotype. The MGIDI by Olivoto and Nardino (2021) selects genotypes nearest to
ideal values.

In coffee cultivation (Coffea arabica L.), the main selection indices are: Mulamba
and Mock index, standardized values index, FAI-BLUP Index, and MGIDI (Piza et
al., 2023; Berny Mier and Teran et al., 2025). Evaluated traits include: productivity,
rust resistance (Hemileia vastatrix Berk & Broome), resistance to fruit rot (Colletotrichum
kahawae J. M. Waller & Bridge), number of empty fruits, cup quality, and size (Mishra,
2019). The implementation of these indices in coffee cultivation typically involves the
use of statistical packages such as SAS or R, which need programming knowledge
(Rahimi and Debnath, 2023). Specific R packages exist for MGIDI and FAI-BLUP
Index (Resende, 2016; Olivoto and Nardino, 2021). Many multivariate selection
methods must at least three replicates for each genotype. This is necessary to estimate
variance and genetic parameters with precision. This requirement restricts their use
in everyday situations: (1) established commercial plantations, (2) germplasm banks
with one individual per accession, (3) smallholder populations, and (4) species in
domestication.

This paper presents a new algorithm for selecting the best ideotype in populations with
limited replicates. The algorithm follows a logical process and works on many platforms,
like spreadsheets and programming languages.

MATERIALS AND METHODS
Development of the sequential algorithm

The algorithm uses a sequential filtering process in which each criterion of the ideotype
functions as an independent logical filter. A plant is selected when it meets all conditions at
the same time (Equation 1).

Selected individual = C1 AND C2 AND C3... AND Ci (1)

Where: AND represents the logical conjunction operator; Ci is a condition of the type: Ci:
Variable_i 6 Threshold_i with 6 € {<, >, <, =, =} according to the selection criteria
established in the ideotype.
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To demonstrate its accessibility, it was implemented in Excel®, although the logical
process is platform-independent and can be implemented in any environment that supports
conditional operations (R, Python, SAS, database systems, etc.). The logical function used
was “AND”, which allows determining whether all the conditions of a test are true. When
plants meet all the conditions of the ideotype (phenotypic traits), the function shows the
true value of the argument (Equation 2). The variables and parameters (ideotype) used
to demonstrate the application of the algorithm were: minimum average yield (X1),
bienniality index I (X2), maximum plant height (X3), maximum canopy diameter (X4),
and rust resistance index IRs (X5).

Selected individual = AND (Yield > X1,1 < X2, Height < X 3,canopy < X4,IRS < X5) (2)

The ideotype for the population of plants of the Sarchimor T5296 variety was defined
by two variables related to fruit productivity (yield and bienniality), two related to plant
morphology (plant height and canopy diameter), and one related to rust resistance (Figure

1). For productivity, a minimum yield of 4,000 g was considered, and for bienniality,

Population of plants

!

Selection of plants with s Discarded plants
yield > 4000 g < 4000 g cherry coffee
cherry coffee
Selection of plants o Discarded plants
with I < 0.40 - with 7> 0.40

r

Selection of plants
with heigth
< 280cm

Discarded plants
height >280cm

Y

A4
Selection of plants
with canopy diameter —>

Discarded plants
canopy diameter>225

<225¢cm
Selection of plants Discarded plants
with IRs <0.10 > with IRs >0.10

v

Selected plants

Figure 1. Flowchart for implementing the plant selection algorithm.
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the index proposed by Hoblyn et al. (1937) with an 1>0.40 was considered. In terms
of morphology, the aim is to develop compact plants, establishing a maximum height
of 280 cm and a maximum canopy diameter of 225 cm. Regarding resistance to H.
vastatrix, the rust resistance index proposed by Couttolenc-Brenis et al. (2023) with an
IRs>0.1 was used.

Vegetative material

The algorithm and the Excel® function were tested with data collected between 2020
and 2022. This data was from a group of 60 plants of the Sarchimor 15296 variety. This
material comes from crossing the Timor Hybrid CIFC 832/2 with Villa Sarchi 971/10. This
was done in 1959 at the Coffee Rust Research Center (World Coffee Research, 2019). In
2016, certified seed was acquired from the Los Cafetalones farm in San Juan Acotenango,
Guatemala, and in July 2017, the plantation was established at the Teocelo Experimental
Site as part of the project “Strategy to strengthen state innovation centers and boost the
productivity and quality of Mexican coffee”, under the agreement between INIFAP and
AMECAFE.

Location

The plants are in the rust-resistant variety garden, part of the coffee germplasm bank.
This is at the Teocelo Experimental Site in Teocelo, Veracruz. The site is located at a
latitude of 19° 23’ 34.1” N and longitude of 97° 00’ 03.5”, at an elevation of 1,250 meters
above sea level. Annual rainfall is 2,063 mm. The average temperature is 20 °C. The max
average reaches 25 °C, and the min average is 14 °C. The soils are from andosol-type
volcanic ash (Couttolenc-Brenis ez al., 2023).

Variables

In 2021, morphological variables were measured: plant height and canopy diameter.
The average yield was obtained during the 2019-2020, 2020-2021, and 2021-2022 harvest
cycles. The biennial variation was estimated using the bienniality index proposed by Hoblyn
et al. (1937), Equation 3, to represent the variation between one harvest and another. The

Resistance Index (IRs) to H. vastatrix was estimated using Equation 3 (Gouttolenc-Brenis et

al., 2023).

1
I= E(Rn _RTO)/RTO +(RT2 _er)/er +"‘(RTi _RTn)/RTn (3)

n—I1

Where: /=Bienniality index; R;y=Yield at time 0; R, =Yield at time 1; R;»=Yield at time
2; R;=Yield at the ith time; R, =Yield at the nth time.

IRs=(PS-NHI) |(PT - NHT) 4)

Where: IRs=Resistance Index; PS=Pustules with sporulation; P7T=TTotal pustules;
NHI=Number of infected leaves; NHT="Total number of leaves.
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Statistical analysis

To determine if there were significant differences between the observed and estimated
variables, a t-test was conducted using the statistical software Infostat® (Di Rienzo ¢t al.,
2011). The program also provided key statistics, including the mean, standard deviation,
and coefficient of variation.

To characterize the population and contextualize the selection results, phenotypic
correlation analyses were performed using Pearson’s coefficient among the five ideotype
variables. Additionally, principal component analysis (PCA) was employed to visualize
the multivariate structure of the population and the positioning of the selected plants.
Efficiency analysis was conducted by calculating the percentage of plants eliminated at

each stage of sequential filtering in R.

RESULTS AND DISCUSSION

The t-test revealed significant differences (p<0.05) among the 60 Sarchimor 15296
plants regarding the observed and estimated variables that define the ideotype. These
results indicated that at least one plant may possess the desired traits for selection in the
coffee breeding program. Among the five variables, the highest coefficient of variation
(CV) was found in IRs at 52.42%, followed by average yield at 34.64%. This suggests that
exceptional individuals can be identified within this Sarchimor population for further
evaluation in new cultivar development.

Previous studies, such as Cardoso et al. (2016), reported yield C'Vs ranging from 7.68
to 9.32, while rust resistance variables had CVs from 12.79 to 14.67. Botelho et al. (2010)
found CVs of 28.32 for yield and 38.2 for rust severity in progenies from the Catimor and
Icatu cross. However, these studies did not factor in yield variation for genetic improvement,
which is determined by the biennial index (I) (Hoblyn et al., 1937; Merga et al., 2023). The
Sarchimor 15296 population showed an average I of 0.42, indicating significant biennial
variation, compared to 0.31 reported by Merga ¢t al. (2023) in a genotype trial in Ethiopia.
Some individuals in the population had I values below 0.40, making them candidates for

selection.

Phenotypic Correlation

The phenotypic correlation matrix (Figure 2) highlighted significant relationships among
five key traits for genetic improvement. The strongest association (p<0.001) was between
yield and plant height (0.73), indicating that taller plants tend to be more productive,

Table 1. T-test values to identify significant differences in the variables of the population of Sarchimor T5296

Variable n Mean SD (0)% Min Max T P
Average yield (g) 60 3549.37 1229.44 34.64 624.87 5502.40 22.36 <0.0001
Bienniality index(I) 60 0.42 0.09 20.89 0.34 0.74 37.08 <0.0001
Height (cm) 60 247.78 31.36 12.65 150.00 313.00 61.21 <0.0001
Canopy diameter (cm) 60 192.43 2451 12.74 115.00 242.50 60.81 <0.0001
Resistance index (IRs) 60 0.06 0.03 51.41 0.02 0.18 15.07 <0.0001
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Yield

-1

Figure 2. Phenotypic correlations between the variables used to select plants. Asterisks indicate the significance
level of the correlation between variables (* p<0.05, ** p<0.01, *** p<0.001).

making height a valuable trait for indirect selection. Yield also showed a significant positive
correlation (p<0.001) with canopy diameter (0.65), emphasizing that vegetative vigor,
reflected in structural dimensions, is vital for productivity. To select materials, one of these
variables could be prioritized, or the vigor index proposed by Lopez et al. (2021) could be
utilized, as both demonstrated a high correlation (0.62, p<0.01).

A notable finding was the negative correlation (p<0.05) between yield and bienniality
(—0.43), suggesting that increased biennial expression could affect yield potential,
highlighting a critical trade-off for plant breeders (Merga ¢t al., 2023). Additionally,
bienniality was negatively associated with IRs at —0.01, which was not significant.

IRs showed a significant negative correlation (p<0.001) with yield (-0.44), indicating that
rust resistance negatively impacts productivity, which is why this factor is commonly
included in genetic improvement programs (Cardoso et al., 2016; Berny Mier and Teran et
al., 2025). In summary, this correlation network informs selection: enhancing vigor (height/
diameter) will improve yield, but caution is needed to avoid inadvertently increasing

bienniality and maintaining low IR levels.

Implementation of the Sequential Algorithm

Using Excel’s “AND” function, the algorithm selected nine plants from the 60 (Table
2). The yield variable eliminated 38 plants, plant height discarded five more, the biennial
index excluded four, canopy diameter eliminated four plants, while IRs did not eliminate
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Table 2. Characteristics of Sarchimor T5296 plants selected using the algorithm.

Planta Yield (g) Height (cm) I Canopy diameter (cm) IRs
14 4388.93 0.37 272 225 0.04
18 4719 0.36 278.5 192.5 0.05
20 4219.87 0.34 249 192.5 0.03
25 5452.6 0.35 244 215 0.02
46 4287.87 0.34 270 162 0.06
47 5502.4 0.38 280 205 0.05
48 4215.47 0.37 262 205 0.08
51 5159.13 0.38 234 216 0.06
53 4524.8 0.37 278.5 182.5 0.05

any (Figure 3). Yield was the most effective variable for discarding plants, followed by

height, canopy diameter, and bienniality.

This selection method is straightforward, for having the flexibility to implement it in

Excel, though it has limitations compared to more advanced numerical approaches and
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Figure 3. Selection process for the nine individuals with desirable traits for progeny trials. (a) Efficiency of each
criterion for discarding plants at each selection stage. (b) Plants remaining selected at each stage. (c) Diagram
of the overall selection process, highlighting selected and discarded plants.
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specialized software. Azimzadeh ez al. (2010) suggested using a selection index with a genetic
algorithm in MATLAB, which requires knowledge of genetic parameters, complicating
its use without prior population information. Alternative methods include multivariate
techniques, such as MGIDI proposed by Olivoto and Nardino (2021) or FAI-BLUP by
Rocha et al. (2018), which also require replicates of each genotype, making them unsuitable
for populations without individual replicates, like the one used to validate the proposed
sequential selection algorithm.

Another option to the sequential algorithm is developing a selection index using
importance coefficients for the evaluated variables. These coefficients can be estimated
based on economic importance (Hazel, 1943; Cerdn-Rojas et al., 2023) or the desired
genetic gain for each trait (Pesek and Baker, 1969), though their application is limited for
selecting individuals based on an ideotype (Rodrigues et al., 2017).

In coffee genetic improvement, methods based on multivariate analysis have been
employed (Moreira et al., 2022; Paredes-Espinosa et al., 2023; Piza et al., 2023; Berny Mier
and Teran et al., 2025; Suela et al., 2025), including the Mulamba and Mock selection
index (Piza et al., 2023) and the sum of standardized variables index (Piza et al., 2023).
These methods require at least three replicates for each evaluated material, making them
unsuitable for selecting individuals from non-replicated populations, unlike the proposed
sequential algorithm, which works directly with individual phenotypic values, making it
applicable in coffee plantations lacking replicated experimental designs.

Additionally, the proposed method adapts to available resources, from spreadsheets to
advanced computational pipelines. While other methods rely on specific computational
environments (R packages, SAS), this approach democratizes scientific selection, enabling
technicians and producers without advanced statistical training to use it. Each selection
criterion is clear and adjustable, allowing for modifications to different conditions and
breeding objectives. It also facilitates changes to the ideotype by identifying which criteria

are most restrictive in a given population.

Characteristics of the Selected Plants

The mean test (t-test) comparing the nine plants selected by the algorithm revealed
significant differences (p<0.05) in each selection attribute (Table 3). The PCA indicated
that 76.7% of the variation in the plant population was explained by the first two principal
components, with principal component 1 (PCl) accounting for 56.2% and principal
component 2 (PC2) accounting for 20.5%. PC1 primarily represented yield (cos2>0.81),
height (c0s2>0.73), and canopy diameter (cos2>0.66). Bienniality was similarly represented
in both components (PC1 cos2>0.364 and PC2 cos2>0.365). Finally, IRs was represented
in CP2 (cos2>0.64, Figure 4). The selected plants cluster in the positive quadrants of CP1,
with plants 18, 46, 48, 51, and 53 in the positive quadrant of CP2, and plants 14, 47, 20,
and 25 in the negative quadrant. All are closely associated with yield, canopy diameter, and
height (Figure 4).

Plant 20 exhibited a lower bienniality level (I), a compact shape (combination of canopy
diameter and height), and a lower Susceptibility Index (IRs), aligning with the PCA

findings, as it was closest to the center among the selected plants (Figure 4). In terms of
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Table 3. Comparison of means (t-test) of the selection parameters among the nine plants selected using the

algorithm.
Variable n Mean SD S.E. CvV T p(Bilateral)
Yield (g) 9 4718.9 522.11 174.04 11.06 27.11 <0.0001
Height (cm) 9 263.11 16.95 5.65 6.44 46.57 <0.0001
Canopy diameter (cm) 9 199.5 19.42 6.47 9.73 30.82 <0.0001
IRs 9 0.05 0.02 0.01 36.08 8.32 <0.0001
| 9 0.36 0.02 0.01 4.32 69.5 <0.0001
a) = e - - w, b)
IR a = & a & -
Yield 0.73
0.65
. 1 0.57
P Height
a ——— Canopy .
3 T___‘_?ichl Canoy g
] 0.33
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i IRs 0.0%
b Diml (56.2%)

Figure 4. Representation of the population of 60 plants in the two main components. (a) Biplot graph illustrating the proximity of the nine selected
plants to the morphological variables and yield. (b) Quality of representation of the variables used for selection, where circle size indicates the
degree of representation in the principal components (PC). (PC1=Dim1, PC2=Dim?2).

yield, plant 25 achieved the highest average (5452.6 g) over three harvest cycles. Comparing
the performance of these nine plants with results from Botelho ez al. (2010), Cardoso et al.

(2016), and Piza et al. (2023), they show promising potential for further development.

CONCLUSIONS

The sequential algorithm based on conditional logic enables mass selection by ideotype
in populations without replicates, addressing a methodological gap in genetic improvement
programs. Its primary contribution is making scientific selection accessible in scenarios
where traditional methods based on replicated designs are not feasible. As a methodology
independent of numerical analysis programs, it can be implemented in Excel by plant
breeders without programming expertise.
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ABSTRACT
Citation: Francisco-Trinidad, G. E., Objective: To identify the presence of Chlamydia sp. in the municipality of Coatepec, Veracruz, Mexico.
Sanchez-Montes, D. S., Huerta-Peiia, Design/methodology/approach: A total of 60 animals from five dairy goat farms were included, comprising
J. C., Lammoglia-Villagémez, M. A., 57 females and three males of varying ages and breed phenotypes. Samples were obtained via vaginal and
Chagoya-Fuentes, J. L., Gonzdlez- preputial swabs and placed in sterile conical tubes. Endpoint PCR was performed for the detection of the
Castro A., Villagémez-Cortés, J. A., ompA VD2 gene with an amplification of 576 bp. Statistical analysis was conducted using the chi-square test for

& Herndndez-Carbajal, G. R. (2026).

prevalence and a 2X2 contingency table for the analysis of risk factors.
Molecular detection of Chlamydia sp.

Results: An overall prevalence of 5.0% was obtained from the samples collected, with three females (5.26%)
aged 48 months-old (6.1%), and 36 months (12.5%). A 6.8% of positive samples belonged to the Alpine
and Saanen breed phenotypes; however, no risk factor attributable to the variables found was identified
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INTRODUCTION

Agro Productividad, 197). February. Abortions caused by bacterial diseases represent a highly significant problem in goat
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production and reproduction, as they have a considerable impact on the reproductive
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iy Sty performance of animals and lead to substantial economic losses when they are not
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Commercial 4.0 International license. diagnosed and treated in a timely manner (Gadicke y Monti, 2008). Among the agents that
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cause this type of problem is Chlamydia sp., recognized for its ability to cause reproductive
disorders that can be confusing or even go unnoticed; furthermore, most research related
to chlamydial infections has focused on sheep, which limits specific knowledge on goats.
(Mora-Diaz et al., 2015).

Chlamydiosis, also known as abortion in small ruminants is a highly contagious disease
and is also considered a zoonosis, which poses a risk to people who are in contact with sick
goats, particularly immunocompromised individuals or pregnant women (Castro-Flores et
al., 2021).

This disease can cause abortions, vesiculitis, epididymitis, and orchitis; however,
abortions caused by chlamydiosis are more common in sheep than in goats, which makes
it difficult to determine the true status of the disease (WOAH, 2018). The diagnosis of
chlamydiosis is based on bacteriological isolation or the identification of nucleic acids
in aborted fetuses or vaginal secretions, although its identification is often complicated
due to the similarity it has with Brucella sp. or Coxiella burnetii; there is a possibility of a
misdiagnosis (Esmaeili et al., 2024).

In Mexico, chlamydiosis was included in group 3 of endemic diseases and exotic pests,
those that must be reported monthly to veterinary authorities (DOF, 2016). In 1996, the
first case of chlamydiosis in small ruminants affected by Chlamydia psittaci serotype 1,
which is currently known as C. abortus, was reported in Mexico. Escalante-Ochoa et al.
(1996) mentioned that the high incidence found led to considering C. abortus as playing
an important role in reproductive losses in goat herds. Subsequently, microscopic lesions
related to the agent were identified in fetuses aborted by goats (Escalante et al., 1997).

Currently, the epidemiological situation of Chlamydia sp. is still limited. Studies have
been conducted identifying the presence of the pathogen and finding prevalences ranging
from 9.6% to 55.6% (Castro-Flores et al., 2021; Sanchez-Rocha et al., 2021; Garcia-Lopez
et al., 2019; Campos-Herndndez et al., 2014). Callejas-Garcia (2017) found a Chlamydia sp.
seroprevalence of 5.5%, and confirmed the presence of C. abortus (21.05%) in the central
area of the state of Veracruz through PCR testing.

The importance of addressing chlamydiosis in the central region of Veracruz becomes
particularly significant, considering that this area is a central hub for goat production.
By virtue of this, it is imperative to establish constant monitoring of this pathology as a
preventive measure against potential disease outbreaks. For this reason, the objective of
the present research was to evaluate the presence of Chlamydia sp. in the municipality of

Coatepec, Veracruz, Mexico using molecular techniques.

MATERIAL AND METHODS
Study Area

A cross-sectional epidemiological study was carried out, considering five goat farms
located in the municipality of Coatepec, in the central area of the state of Veracruz,
Mexico (19° 217 and 19° 32’ north latitude, 96° 47’ and 97° 06’ west longitude, 500-2,900
meters above sea level) INEGI, 2010). The goat farms specialized in milk production, with

Alpine, Saanen, and crossbred phenotypes, in a semi-intensive system.
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Study samples

The sample size was estimated for an expected prevalence of 50%, based on the
population of the farms. The collected samples were vaginal and preputial swabs, which
were transferred to sterile conical tubes, kept refrigerated, and later frozen at —20 °C until
processing. A total of 60 samples were collected, consisting of 57 females and three males,
during April 2023.

Identification of Chlamydia sp. by PCR

The laboratory diagnosis was carried out using the endpoint PCR method
for the identification of Chlamydia sp. DNA extraction was carried out using
Chelex 100, and a 576 bp fragment of the ompA VD2 gene was amplified using
the following primers: CMGP-1F: 5-CCTTGTGATCCTTGCGCTACTTG-
3'|CMGP-1R: 5'-GTGAGCAGCTCTTCGTTGAT-3', and CMGP-2F:
5'-GCCTTAAACATCTGGGATCG-3'/CMGP-2R: 5'-GCACAACCACATTCCCAT-
AAAG-3' (Chahota et al., 2006). The amplifications were visualized on a 2% agarose gel in
1X TAE at 85 volts for 45 min.

Statistical analysis

Statistical analysis was carried out using the Chi-square test in the mode of estimating
proportions with the online program Vassarstats”, and for the identification of risk factors
with the online software Win Episcope®.

RESULTS AND DISCUSSION
The presence of Chlamydia sp. was detected by PCR, for the amplification of the
fragment at 576 bp (Figure 1).

Figure 1. Electrophoretic profile of the amplification of Chlamydia sp. (576 bp). Lane 1: molecular weight
marker (100 bp); Lane 2: Negative sample; Lane 3: Positive sample; Lane 4: Positive sample; Lane 5: Negative
sample; Lane 6: Negative sample; Lane 7: Negative control, nuclease-free H,O; Lane 8: Positive control,
Chlamydia sp.; Lane 9: Empty lane.
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The results obtained show an overall prevalence of 5.0% (95% CI: 1.7-17.7; 3/60). Out
of a total of 57 females, three tested positive (5.26%; 95% CI: 1.8-14.37). Of the positive
samples, in relation to age, two samples of 48 months-old (6.1%; 95% CI: 1.6-19.61) and
one of 36 months-old animal (12.5%; 95% CI: 2.2-47.1) were identified. Regarding the
racial type, 6.8% (95% CI: 2.3-18.2) of the positive animals belonged to Saanen and Alpine
crossbreeds. No pregnant or lactating females were identified among the positive animals.

The statistical analysis did not show a significant association between the variables
evaluated, so no risk factors were identified (p>0.05) (Table 1). These results identify the
presence of Chlamydia sp. in the municipality of Coatepec, Veracruz; however, this area is
where nearly 90% of the goat inventory in Veracruz is concentrated (Roman-Ramirez et
al., 2017). Previous studies conducted in Mexico reported prevalences of 9.6% to 55.6% in
areas such as Guanajuato, Morelos, Coahuila, Querétaro, Puebla, and Veracruz (Castro-
Flores et al., 2021; Sanchez-Rocha et al., 2021; Garcia Lépez et al., 2019). However,
Callejas-Garcia (2017), in his research in the central area of the state of Veracruz, reported
a seroprevalence of 5.9%, finding that the municipalities of Perote and Villa Aldama were
risk factors (P<0.05) and that no positive cases were identified in the municipality of
Coatepec. However, in the present study, positive animals were indeed found.

The environmental conditions in this mountainous region are usually favorable for
Chlamydia sp., as temperatures range from 12 to 25 °C. This results in the pathogen being
released into the environment through fluids or excretions, allowing the microorganism to
survive for several weeks in cold and humid conditions. On top of that, the lack of strategies
on farms to separate females nearing parturition and newly kidding goats promotes easier
infection, since during birth and abortions a large load of Chlamydia bacteria is released,
contaminating the feed, water, and bedding, and favoring the transmission and persistence
of the agent in affected herds (Rodolakis y Laroucau, 2015; Talatha et al., 2012).

Table 1. Prevalence and risk factors associated with the presence of Chlamydia sp. in the central area of the
state of Veracruz, Mexico.

Variable ‘ n ‘ + ‘ Prevalence (%) ‘ 959 CI ‘ OR* ‘ 959 CI P
Sex

Female 57 3 5.3 1.8-14.4 - - -

Male 3 0 - - - - -
Age, months*old

60 2 0 - - - - -

48 33 2 6.1 1.6-19.6 1.0 - -

36%* 8 1 12.5 2.2-47.1 2.2 0.17-27.98 0.49

24 3 0 - - - - -

12 14 0 - - - - -
Breed phenotype

Alpine 11 0 - - - - -

Saanen 5 0 - - - - -

Crosses 44 3 6.8 2.3-18.2 - - -

* OR (Odds Ratio) should be interpreted with caution due to the small sample size.
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Certainly, the presence of Chlamydia sp. in flocks of small ruminants depends on various
factors such as geographic location, the breed, age, sex, and number of parturitions, as well
as the type of management, hygiene and preventive medicine practices, and the movement
of animals (Afrisham et al., 2023). In the present study, the animals that tested positive were
females aged 36 to 48 months-old, but abortions were rare, according to the information
provided by farmers.

Castro-Flores et al. (2021) mentioned that females are usually affected by chlamydiosis
at a young age and with a lower number of parturitions; these authors also pointed
out that the interval between abortion, kids birth, and sample collection is of utmost
importance to ensure a timely diagnosis; in addition, Palomares-Reséndiz et al. (2020)
reported that goats between 37 and 48 months-old show a higher frequency of positive
cases of chlamydiosis. In this regard, it can be considered that the timing of sampling and
the low frequency of abortions may influence the detection of the agent, independently
of the reproductive signs of disease on the evaluated farms. Although the bacteriological
isolation of Chlamydia sp. is still considered the reference method for identification
(WOAH, 2018), molecular PCR techniques are considered the ideal tests to confirm the
agentin clinical cases suspected of chlamydiosis, as well as for epidemiological surveillance.
Official organizations consider molecular tests as complementary diagnostic tests,
which must be corroborated by pathological analysis to confirm the diagnosis; however,
microbiological diagnosis can fail due to the loss of bacterial viability, so techniques like
PCR can detect the agent even when the reference method is not viable (Esmaeili ez al.,
2024; Castro-Flores et al., 2021).

In Mexico, Sdanchez-Rocha et al. (2021) identified the presence of C. abortus in goats
that had experienced abortions; these authors reported 9.6% positives with samples of
vaginal exudates in the states of Coahuila, Jalisco, Querétaro, and Veracruz; in this last
state, they only found two positive samples, which is similar to what was identified in the
present study.

Rodolakis and Laroucau (2015) mentioned that the ideal samples for PCR analysis are
aborted fetuses and placentas, due to their high bacterial load, although it is also possible
to demonstrate their presence in vaginal exudates, which can be effectively used for the
diagnosis of chlamydiosis in small ruminants (Mora-Diaz et al., 2015; Campos-Herndndez
etal., 2014).

Likewise, the introduction of animals without a prior diagnosis represents a significant
risk factor for the spread of the agent, particularly due to the absence of a standardized
reference test, which hinders the timely detection of the agent, since it is considered a rare
or exotic disease (Palomares-Reséndiz et al., 2020).

The results of the present study confirm the presence of Chlamydia sp. in the central
area of the state of Veracruz, although there is a previous study in 14 municipalities of
the central area of Veracruz, where the presence of Chlamydia sp. was reported by PCR,
but the municipality of Coatepec was found to be negative (Callejas-Garcia, 2017), which
suggests that the agent is circulating in the area and highlights the need to strengthen
epidemiological surveillance in the contiguous urban areas.
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CONCLUSIONS

The present study confirms the presence of Chlamydia sp. in the municipality of
Coatepec, in the central region of the state of Veracruz in female goats. Although it was
not possible to identify the species circulating in the region, the results found, coupled
with literature available in the central area of Veracruz, confirm and provide evidence
of the circulation of the agent in mature animals. Likewise, the need for monitoring the
different reproductive stages of females is highlighted. These results underscore the need to
implement preventive measures and epidemiological surveillance to mitigate the impact of

Chlamydia sp. in the region.
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ABSTRACT

Objective: To determine the effect of soil acidity on the growth and yield of maize genotypes (Zea mays L.)
under rainfed production conditions, and identify those with greater productive efficiency with and without
the application of dolomitic lime.

Design/methodology/approach: Twelve maize genotypes were evaluated in an acidic soil using a randomized
complete block design with four replications. Two trials were established: one with dolomitic lime application
and one without liming. Plant height, main ear insertion height, and grain yield were recorded. Data were
analyzed through individual analyses of variance, mean comparison tests (LSD, a=0.05), and correlation
analysis. Productive efficiency under limed and non-limed conditions was estimated using the geometric mean
index (GMi) and the relative efficiency index (REI).

Results: Soil acidity reduced plant height by an average of 7.8%, ear height by 14.4%, and grain yield by
32.9%. SINT 1A and SINT 2B X V540 showed the best adaptation under acidic soil conditions. These same
genotypes also exhibited the highest (GMi) and (REIi) values, indicating the greatest productive efficiency
both with and without dolomitic lime application. Under limed soil conditions, V537C X V540 was the most
productive genotype, followed by SINT 2B X V540 with acceptable grain yield.

Limitations on study/implications: The evaluation of genotypes was conducted under conditions of soil
acidity combined with drought stress, which allowed the identification of genotypes with greater productive
efficiency under adverse edaphoclimatic conditions. Multi-environment evaluations and additional cropping
cycles are recommended to confirm yield stability.

Findings/conclusions: Soil acidity strongly affected plant architecture and productivity; however, liming
improved plant growth and grain yield. SINT 3B X V-540 stood out for its stability and yield, making it a
promising option for acidic soils in the Mexican tropics.

Keywords: Zea mays L., liming, yield stability, acid tolerance, genotype X environment interaction.

INTRODUCTION
In southeastern Mexico, particularly in the tropical and subtropical regions of Veracruz,
Chiapas, and Oaxaca, maize (Zea mays L.) production is carried out mainly under rainfed

conditions and with residual soil moisture. These environments have high productive
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potential; however, they also present edaphic and climatic constraints that limit grain
yield. Among the most important limiting factors is soil acidity, a common characteristic
of soils formed under high rainfall conditions (Garcia, 1973). In southern Veracruz, these
conditions are widespread, as extensive areas exhibit soil pH values below 5.0, which
reduces phosphorus availability, promotes the leaching of base cations (Ca, Mg, and K),
and increases the presence of exchangeable aluminum. This, in turn, restricts root growth
and nutrient uptake (Zetina-Lezama et al., 2002; Zetina-Lezama et al., 2005. In maize,
this type of edaphic stress is associated with reduced vegetative growth, decreases in plant
height and ear insertion height, phenological delays, and yield losses that may exceed 70%,
depending on the genetic tolerance of the crop and the severity of soil acidity (Dewi-Hayati
etal., 2014).

In this scenario, nutrient management is a determining factor. The application of
dolomitic lime is a widely used practice to increase soil pH, reduce aluminum toxicity,
and improve nutrient availability in the surface horizon (The et al., 2010). Studies
conducted in tropical soils have reported significant increases in root development,
plant vigor, and yield following dolomite application (Ramirez-Sdnchez et al., 2020.
However, in rainfed and low-input production systems, this practice is not always
feasible for farmers due to the high costs associated with transport and application,
as well as the limited capacity to maintain pH correction over the long term (Zetina-
Lezama et al., 2005).

Additionally, drought occurrence is common in southern Veracruz under both rainfed
and residual moisture conditions, and depending on its intensity and duration, it can
significantly affect maize productivity (Zetina-Lezama et al., 2005). A key strategy to
increase crop yields under the aforementioned edaphoclimatic conditions is the use of
genetic materials adapted to acidic soils and tolerant to drought (Graham, 1984; Sierra et
al., 2019; Tandzi et al., 2018).

Within the maize breeding program of the Cotaxtla Experimental Station of the
National Institute for Forestry, Agriculture and Livestock Research (INIFAP), hybrids,
synthetic varieties, and improved varieties are available that have shown good adaptability
in tropical and subtropical areas of southeastern Mexico. In this context, the objectives
of the present study were: (1) to determine the agronomic and productive response of
12 maize genotypes (Zea mays L.) developed by INIFAP under rainfed conditions, with
and without dolomitic lime application, in an acidic soil of southern Veracruz; and (2)
to identify materials with better adaptation and productive efficiency under acidic soil

conditions.

MATERIALS AND METHODS
Study area

To evaluate the maize genotypes, two field experiments were established during the
2024 summer-autumn growing season in an agricultural field located in the municipality
of Juan Rodriguez Clara, Veracruz, Mexico (18° 01’ N, 95° 23> W; 128 m above sea
level), under rainfed conditions. The site is characterized by a warm subhumid climate

(Aw,), with a mean annual precipitation of 1462 mm (Garcia, 1973). The predominant
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soils are dystrophic Cambisols with a sandy loam texture, characterized by low
phosphorus availability and the presence of and interchangeable bases (Zetina-Lezama

et al., 2002; 2005).

Liming rate and soil pH determination

Prior to the establishment of the experiment, soil samples were collected from the
0-20 cm layer, and an initial soil pH of 4.6 was determined, indicating a restrictive
edaphic condition associated with low fertility. These soil characteristics justified the
application of dolomitic lime to improve crop productivity. The liming treatment
aimed to increase the original soil pH to approximately 5.4. In the soil where one of the
experiments was established, dolomitic lime was applied at arate of 2.25 tha ! This rate
was estimated using the equation: ¥'=11.708 — 1.954x, developed by INIFAP for acidic
soils (Zetina et al., 2002); where x corresponds to the dolomitic lime requirement and Y
corresponds to the dolomitic lime requirement (t ha_l) needed to reach a soil pH=5.4,
which is considered optimal for maize development (Ruiz et al., 2013). Dolomitic lime
was broadcast-applied 15 days prior to sowing and incorporated into the soil with a
single disk harrow pass to an approximate depth of 20 cm (Zetina et al., 2017). The
second experiment, established in the same soil, was conducted under natural acidic soil
conditions, without liming application.

For soil pH determination, composite soil samples were collected in each experiment,
consisting of three subsamples per replication, at three stages of the crop cycle: 15 days
before sowing (prior to liming), 25 days after sowing, and at physiological maturity.
In all samples, soil pH was measured in water using a 1:2 soil-solution ratio with a
Hanna potentiometer (model HI9812-51). The values obtained for each replication
were averaged to calculate the mean soil pH for each sampling period (Zetina et al.,

2017).

Genetic materials

In both experiments, 12 maize genotypes from the INIFAP maize breeding program at
the Campo Experimental Cotaxtla were evaluated: H-518, H-520, SIN'T 1A, SINT 2B,
SINT 4B, V-537C, V-540, and five intervarietal crosses derived from materials adapted to
the humid tropics: SINT 2B X V-540, SINT 3B X V-540, SINT 4B X V-540, SIN'T 5B
X V-540, and V-537C X V-540 (Sierra ez al., 2019).

Experimental design and agronomic management

The experiments were established at a planting density of 62,500 plants ha™ ', using a
randomized complete block design with four replications. Experimental plots consisted of
four rows, each 5 m in length, spaced 0.80 m apart, with the two central rows considered
as the effective plot area.

Crop establishment practices, fertilization, weed control, and phytosanitary management
were carried out in accordance with INIFAP recommendations for maize production in

tropical regions (Palafox et al., 2010).
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Explanatory and response variables

During the crop cycle, rainfall at the experimental site was recorded using a plastic
rain gauge with a 40-mm capacity and counting ring. Plant height and main ear insertion
height were measured in centimeters at the end of the growing cycle. Grain yield was
estimated based on the weight of ears harvested from the effective plot, which were shelled

and adjusted to a 14% moisture content.

Statistical analysis
Analyses of variance were performed separately for each experiment (with and without
dolomitic lime). Mean comparisons were conducted using the Least Significant Difference
test (LSD, a=0.05). In addition, correlation coefficients between the quantified variables
and grain yield were calculated following the procedure described by Olivares (1994).
The yield efficiency of the genotypes under limed and non-limed conditions was

estimated using the geometric mean (MG):
- 1/2
MG, =(¥; xY,)

where: Y;; and Y, correspond to the grain yield of genotype 7 under non-limed and limed

conditions, respectively.

Similarly, yield efficiency was also estimated using the relative efficiency index (/ER;)

i

Y.

1

i

Y

4

IER, =

where: Y, and Y; represent the overall mean grain yield under non-limed and limed

conditions, respectively, according to Graham (1984) and Tandzi et al. (2018).

Higher values of MG, and /ER; indicate greater productive efficiency and superior

genotype performance across both evaluation environments.

RESULTS AND DISCUSSION
Rainfall and soil pH dynamics during the crop cycle

Although total accumulated rainfall during the crop cycle reached 772 mm (310 mm
from sowing to flowering and 462 mm from flowering to crop maturity), a level close to that
considered optimal for adequate maize development (Kranz e al., 2008), its distribution
was irregular in both timing and amount. Periods of drought occurred during the cycle and
affected the yield of the genotypes in both experiments. Consequently, the results of this
study reflect the combined effect of soil management conditions (with and without liming)
and drought occurrence, which is common in this maize-producing region.

Regarding soil pH, the incorporation of dolomitic lime increased the initial value from

4.9 to 5.4 by the end of the crop cycle, evidencing the positive effect of liming on the
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neutralization of soil acidity. However, the temporal dynamics of soil pH showed a more
pronounced increase during the vegetative development of maize (pH 6.6), whereas under

non-limed conditions, soil pH values remained relatively stable throughout the crop cycle
(Figure 1).

Response of plant height and ear insertion to liming in acidic soil

Genotypes that showed greater stability in plant height also tended to maintain a
more uniform ear insertion across environments. Under dolomitic lime application (CD),
significant differences among genotypes were observed for both plant height and ear
insertion height (Table 1). The highest values for both traits were recorded in genotypes such
as V-537C X V-540, SINT 4B X V-540, and SINT 3B X V-540, which were consistently
grouped in the upper statistical category, indicating a positive response to liming and a
greater capacity to take advantage of the chemical correction of acidic soil.

Under non-limed conditions (SD), V-540 stood out compared to the other genotypes,
followed by SINT 2B X V-540 and SINT 5B X V-540, which maintained relatively high
values for both plant height and ear insertion height. These genotypes showed a lower
relative reduction under uncorrected soil acidity.

The analysis of percentage reduction between environments with and without dolomite
allowed the 1dentification of consistent patterns of stability and sensitivity. V-540, SIN'T
2B X V-540, and SIN'T 5B X V-540 exhibited the lowest reductions in both traits (<6%),
standing out as the most stable genotypes under soil acidity conditions. In contrast,
materials such as SINT 3B X V-540, SINT 4B X V-540, and V-537C X V-540 showed
parallel and pronounced reductions, particularly in ear insertion height, indicating a
greater dependence on liming to express their morpho-agronomic potential.

Overall, the coordinated response of plant height and ear insertion height reflects
the close link between vegetative vigor and reproductive development in maize grown
under acidic soil conditions. The contrasting stability patterns among genotypes suggest
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Figure 1. Soil pH dynamics in a dystrophic Cambisol under limed and non-limed conditions during the maize
cropping cycle in Juan Rodriguez Clara, Veracruz.
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Table 1. Effect of acidic soil stress on plant height and ear insertion height of maize genotypes evaluated
under conditions with and without dolomitic lime application. Juan Rodriguez Clara, Veracruz, Mexico.

Summer-autumn growing season, 2024.

AP (cm) AP AM (cm) AM
Genotype Reduction Reduction
CD SD (%) CD SD (%)

H-518 149.80cde | 143.00ab 4.53 71.50de 59.43ef 16.90
H-520 146.45¢ 148.58ab 1.48 69.08¢ 63.50def 8.08
SINT 1A 153.33b-¢ | 139.70bc 8.91 84.00ab 67.35cde 19.84
SINT 2B 156.98a-¢ | 146.83ab 6.48 79.20a-d 66.08def 16.53
SINT 2B X V-540 162.08a-¢ | 152.50ab 5.91 80.15a-d 74.93abc 6.55
SINT 3B X V-540 166.13abc | 147.50ab 11.21 87.83a 67.85cde 22.77
SINT 4B 147.30de 126.75¢ 13.95 72.43cde 58.68f 18.99
SINT 4B X V-540 167.83ab 147.68ab 11.99 81.93abc 65.75def 19.74
SINT 5B X V-540 159.58a-¢ | 150.00ab 6.01 76.95b-¢ 76.58ab 0.43
V-537C 161.20a-¢ | 148.40ab 7.93 81.63abc 67.28cde 17.61
V-537C X V-540 172.38a 149.68ab 13.17 86.93a 70.25bed 19.21
V-540 164.33a-d | 155.33a 5.48 85.58ab 80.03a 6.52
Mean 158.95 146.33 7.84 79.76 68.14 14.43
DMS (0.05) 17.669 13.133 9.7643 8.4775
Correlation with yield 0.247 ns 0.284 ns 0.334 ns 0.214 ns

AP=Plant height. AM=Ear insertion height. With dolomitic lime application (CD). Without dolomitic
lime application (SD). Correlation coefficient with grain yield. Different letters within columns indicate
significant differences (LSD=0.05).

differences in physiological efficiency to sustain growth under edaphic stress, likely
associated with tolerance to AI** toxicity and with Ga and Mg availability. In this context,
both traits emerge as early and reliable indicators of genotypic adaptation to soil acidity
(Kochian et al., 2015).

Effect of liming on grain yield in maize genotypes

Regarding grain yield, the analysis of variance revealed a strong response to liming, with
significant differences among genotypes both in achieved yield levels and in the magnitude
of yield reduction under uncorrected soil acidity. Some materials maintained relatively
high yields across both environments, whereas others relied heavily on dolomitic lime
application to fully express their productive potential (Table 2), confirming the existence of
genetic variability in the response to soil acidity and its correction through liming.

Under non-limed conditions, higher coefficients of variation and larger error mean
squares were observed, reflecting greater yield instability associated with APP* toxicity
stress and reduced availability of basic cations. This response pattern has been widely
documented in maize cultivated on acidic soils (von Uexkill & Mutert, 1995; The ez al.,
2010; Lestari, 2016; Chairiyah, 2020).

With dolomitic lime application, grain yields ranged approximately from 2,400 to
3,700 kg ha~! (Table 3). The highest values were recorded for V-537C X V-540, SINT
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Table 2. Mean squares and statistical significance of the variables measured in maize trials
conducted on acidic soil, with and without dolomitic lime application.

sV | ar | AP | AM | Grainyield
Dolomitic lime application (CD)

Treatments 11 278.48 ns 153.05%* 576977.33**
Blocks 3 969.93 423.55 64820.29
Error 33 150.84 46.07 65115.248
Total 47
CV (%) 7.73 8.51 8.86

No dolomitic lime application (SD)

Treatments 11 216.29%* 167.78%* 298013.51%**
Blocks 3 743.38 295.18 226268.7
Error 33 83.33 34.73 87094.97
Total 47
CV (%) 6.24 8.65 15.48

SV=source of variation. df=degrees of freedom. AP=plant height. AM =ear insertion height.
CV=coeflicient of variation.**signiﬁcam at 0.01. *signiﬁcanl at 0.05. ns=not significant.

Table 3. Mean grain yield of maize genotypes evaluated under acidic soil conditions, with and without
dolomitic lime application, and estimated selection indices.

0 g -1 9 . -1
cmwpe | ORI | | e |
H-518 2645.70def 1646.90cd 2087.39 0.794
H-520 2386.00f 1900.90a-d 2129.68 0.826
SINT 1A 3084.20bc 2320.30a 2675.09 1.303
SINT 2B 2935.50bcd 1550.90d 2133.7 0.829
SINT 2B x V-540 3141.20b 2316.70a 2697.6 1.325
SINT 3B X V-540 3008.50bcd 2226.30ab 2587.95 1.22
SINT 4B 3147.00b 1560.00d 2215.73 0.894
SINT 4B X V-540 2403.00f 2064.70abc 2227.45 0.904
SINT 5B X V-540 2808.30b-e 1780.10cd 2235.83 0.911
V-537C 2509.50ef 1795.70cd 2122.76 0.821
V-537C X V-540 3719.90a 1909.50a-d 2665.12 1.294
V-540 2772.60cde 1803.40bcd 2236.11 0.911
Mean 2880.12 1906.28 2334.53 1.003

Genotypes with different letters within each grain yield column are statistically different (LSD=0.05).

4B, and SIN'T 2B X V-540, which consistently ranked within the upper statistical group,
indicating a strong responsiveness to the partial neutralization of soil acidity. In contrast,
under non-limed conditions, yields declined across genotypes, ranging from approximately
1,500 to 2,300 kg ha™ l, a reduction that was also influenced by the occurrence of terminal
drought. Nevertheless, SIN'T 2B X V-540, SINT 1A, and SINT 3B X V-540 maintained
comparatively higher yields under uncorrected acidic soil conditions.



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/vkkmzn97 64

The average yield reduction between environments was close to 33%, although marked
contrasts among genotypes were observed. SINT 4B X V-540 exhibited a moderate
reduction (=14%), standing out as the most stable material, whereas V-540 showed an
intermediate reduction. In contrast, SINT 4B, H-518, H-520, V-537C X V-540, and
SINT 2B showed the greatest yield losses, highlighting their strong dependence on liming
to express their productive potential. This pattern is consistent with reports for maize
cultivated on acidic soils, where yield losses associated with AIP* toxicity typically range
between 20 and 50% (The et al., 2010; Lestari, 2016).

The results confirm that liming significantly increases grain yield in acidic soils
(Chairiyah et al., 2020); however, the magnitude of the response depends on the degree
of genetic adaptation of each material. The coexistence of genotypes that are stable under
uncorrected soil acidity and others that respond strongly to pH correction underscores the
need to implement selection strategies tailored to specific edaphic conditions and, where
appropriate, to assess the feasibility of using soil amendments in production systems to
improve productivity (Ramirez-Sanchez et al., 2020).

Productive efficiency of genotypes under contrasting soil acidity conditions

The geometric mean allowed the identification of genotypes with greater yield
stability across contrasting environments, by penalizing those materials that exhibit high
performance under favorable conditions but suffer sharp yield reductions under stress.
Genotypes SINT 2B X V-540, SINT 1A, and SINT 3B X V-540 stood out by presenting
geometric mean values above the overall average, indicating better adaptation under
both limed and uncorrected acidic soil conditions. This response is particularly desirable
for the selection of materials intended for regions with persistent soil acidity. In contrast,
genotypes such as H-518 and SINT 4B showed low geometric mean values, reflecting
greater susceptibility to edaphic stress.

The relative efficiency index complemented the stability analysis by integrating the
relative performance of genotypes across both environments. Values of greater than 1
indicated productive performance above the general mean. In this context, SINT 2B X
V-540, SIN'T 1A, and V-537C X V-540 exhibited the highest values, reflecting a favorable
combination of high yield and stability under soil acidity conditions. Conversely, H-518
and SIN'T 4B recorded index values below unity, confirming their limited performance in
edaphically restrictive environments.

The geometric mean and the relative efficiency index consistently discriminated
genotypes with stable performance under edaphic stress. The agreement between both
indicators confirmed the identification of materials capable of maintaining grain yield
under acidic soil conditions, which is consistent with previous reports highlighting the
combined use of stability and efficiency metrics for selecting maize genotypes in soils with
chemical limitations (Ochoa-Cadavid et al., 2019; Tirado-Soto ¢t al., 2019).

Relationship between plant architecture and grain yield under soil acidity
Correlation analysis between plant height, ear insertion height, and grain yield showed

low and non-significant associations under both soil conditions (Table 1). This indicates
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that, although soil acidity affects plant architecture, these variations do not necessarily
translate proportionally into differences in grain yield. The low magnitude of the
correlations suggests that yield performance under acidic stress is governed by a more
complex set of physiological traits, likely associated with aluminum tolerance, nutrient use
efficiency, and stability of grain filling (Kochian ez al., 2015).

CONCLUSIONS

Soil acidity significantly reduced plant height, ear insertion height, and grain yield in
most of the evaluated genotypes, confirming the high sensitivity of maize to aluminum
toxicity and low availability of phosphorus and exchangeable bases under acidic soil
conditions.

Within the evaluated set, the genotypes SIN'T 2B X V-540, SINT 1A, V-537C X V-540,
and SINT 3B X V-540 exhibited favorable performance in terms of productivity and
stability under contrasting acidity conditions, positioning them as promising alternatives
for cultivation in regions where soil acidity is a recurrent constraint. Additionally, the wide
variability observed among genotypes indicates substantial potential for continued selection
toward acid tolerance and for the identification of materials with broad adaptation.
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ABSTRACT

Objective: To determine the effect of earliness on grain yield of tropical black bean genotypes under terminal
drought and to select those with lower susceptibility and higher productive efficiency than the cultivar Negro
Jamapa.

Design/methodology/approach: Fifteen genotypes were evaluated using a randomized complete block
design with three replications in two trials: one under full irrigation and another in which irrigation was
suspended at the onset of flowering. Days to physiological maturity and grain yield were quantified. Analyses
of variance were performed for each moisture regime, means were compared using the Least Significant
Difference test (¢=0.05), and correlation analysis was conducted. Drought response was evaluated using the
drought susceptibility index (DSI) and the relative efficiency index (REI).

Results: Verdin was the earliest genotype, reaching maturity at 72.3 and 68.0 days under full irrigation
and drought stress, respectively. Papaloapan/SEN-46-7-10, CIAT-103-25, Jamapa Plus/XRAV-187-3-4-
4, Papaloapan/SEN-46-2-6, and Rubi exhibited the lowest susceptibility to terminal drought (DSI<0.90),
whereas Verdin, CIAT-103-25, and Jamapa Plus/XRAV-187-3-4-4 showed the highest productive efficiency
(REI>1.28), surpassing Negro Jamapa. Grain yield was negatively correlated with days to maturity under both
full irrigation (r=—0.719%*) and drought stress (r=—0.557%).

Study Limitations/Implications: The selected genotypes constitute elite breeding materials; multi-
environment evaluation is recommended.

Findings/conclusions: Earliness, as a drought escape mechanism, contributed significantly to productive
efficiency under both moisture regimes. Five genotypes with the lowest susceptibility to terminal drought
were selected, of which CIAT-103-25, Jamapa Plus/XRAV-187-3-4-4, and Verdin exhibited higher productive
efficiency than Negro Jamapa.

Keywords: Phaseolus vulgaris L., drought resistance, drought escape, grain yield, tropical agriculture.

INTRODUCTION
In the humid tropical region of southeastern Mexico, terminal drought is the main
environmental factor limiting common bean yield during the fall-winter growing season,

when production depends on the last rains of the rainy season and on the residual moisture



mailto:anaya.jose@inifap.gob.mx

AGRO PRODUCTIVIDAD 2026. https://doi.org/ 68

stored in the soil profile (Tosquy-Valle et al., 2018). Terminal drought periods have become
more frequent and severe due to climate change (McClean ef al., 2011; Chaves-Barrantes
et al., 2018). This results in significant reductions in essential yield components, including
pods per plant, seeds per pod, and seed weight (Nufiez-Barrios et al., 2005; Tosquy-Valle ¢t
al., 2014), which ultimately leads to low grain production (Ghassemi-Golezani & Mardfar,
2008; Rosales et al., 2012). Depending on its frequency, duration, and magnitude, terminal
drought during the reproductive phase can reduce grain yield by more than 60% and, in
extreme cases, cause total crop loss (Lopez-Salinas et al., 2011).

The use of drought-resistant varieties represents an effective strategy to mitigate yield
losses caused by water deficit. Drought resistance in plants involves a series of adaptive
strategies, which are commonly classified into three main mechanisms: escape, avoidance,
and tolerance (Fang & Xiong, 2015; Bandurska, 2022). Drought escape involves completing
the life cycle before the onset of severe stress, mainly through earliness or phenological
adjustment (Kooyers, 2015). Drought avoidance refers to the ability of plants to maintain
a favorable water status under stress through morphophysiological adaptations such as
deep root development, reduction of leaf area, and efficient stomatal closure (Blum, 2011).
By contrast, true drought tolerance is defined as the capacity of plants to endure cellular
dehydration through mechanisms such as osmotic adjustment, synthesis of protective
proteins, and membrane stabilization (Blum, 2017).

Although substantial progress has been made in identifying genotypes of tropical
black bean with resistance to terminal drought (Tosquy-Valle et al., 2014, 2016), further
characterization is necessary to determine more precisely the effect of earliness on grain
yield and productive efficiency under water-limited conditions. This information is
essential to support breeding programs in the development of new varieties better adapted
to terminal drought in tropical environments.

To select genotypes with resistance to water stress, conventional common bean breeding
programs typically use the irrigation-drought methodology (Rosales-Serna et al., 2000),
which involves monitoring soil moisture availability throughout the crop cycle to determine
the level of stress reached (Hillel, 1980) and to quantify the yield response of each genotype
under contrasting moisture conditions (Tosquy-Valle et al.,, 2018). In addition, various
selection indices are used to identify materials with high productive efficiency under both
well-watered and terminal drought conditions, characterized by minimal yield reduction
when transitioning from optimal irrigation to water deficit (Fischer & Maurer, 1978).

Currently, the Common Bean Program of the Instituto Nacional de Investigaciones
Forestales, Agricolas y Pecuarias (INIFAP) in southeastern Mexico has developed
improved varieties and advanced black bean lines. Some of these genotypes have been
selected for their high yield potential and adaptation to tropical environments (Tosquy-
Valle et al., 2019), while others exhibit resistance to economically important diseases
such as rust [Uromyces appendiculatus var. appendiculatus (Pers.) Unger|, anthracnose
[Colletotrichum lindemuthianum (Sacc. & Magnus) Lams. Scrib.], bean common mosaic
virus (BCMV), and bean golden yellow mosaic virus (BGYMYV) (Anaya-Lopez et al.,
2018; Garrido-Ramirez et al., 2020), all of which are frequently present in the main
bean-producing areas of the region.
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Therefore, the objective of this study was to determine the effect of earliness on grain
yield in tropical black bean genotypes under terminal drought conditions and to select
those with lower susceptibility and higher productive efficiency than the widely cultivated
cultivar Negro Jamapa.

MATERIALS AND METHODS
Location and genetic material

Genotypes were evaluated in two field trials established during the winter-spring
cropping cycle of 2024 on land located in La Colonia Ejidal, Cotaxtla, Veracruz, Mexico
(18°54°53.39” N, 96° 13’ 14.74” W; 22 m a.s.l.).

Both trials included 15 genotypes: ten advanced breeding lines from the INIFAP
National Common Bean Program (five derived from the cross Papaloapan/SEN-46, three
from Negro Citlali/XRAV-187-3, and two from Jamapa Plus/XRAV-187-3), line CIAT-
103-25 from the International Center for Tropical Agriculture (CIAT, Cali, Colombia),
and four improved cultivars developed by INIFAP for tropical areas of southeastern
Mexico: Verdin, Rubi, Rincén Grande, and Negro Jamapa as the regional check (Tosquy-
Valle et al., 2016; 2025; Ibarra-Pérez et al., 2022).

Trial establishment and irrigation treatments

Both trials were planted on January 26, 2024, at a density of 250,000 plants ha™!,
using a randomized complete block design with three replications. Each plot consisted of
three 5-m-long rows spaced 0.80 m apart; the central row was considered the useful plot.
One trial was maintained under full irrigation throughout the crop cycle. A total of seven
irrigations were applied, the first at pre-planting and subsequent applications at intervals of
11 to 15 days, depending on soil moisture conditions. The total irrigation depth applied was
approximately 350 mm. In the second trial, only four irrigations were applied, with a total
irrigation depth of approximately 200 mm. Irrigation was suspended 42 days after planting,
when most genotypes had initiated flowering, in order to induce terminal drought conditions.

Soil moisture determination

In both trials, soil samples were collected at depths of 0-15 and 15-30 cm every 10 days,
from planting until crop maturity, to determine moisture content using the gravimetric
method (Caicedo-Rosero et al., 2021). Additional soil samples were collected from the 0-30
cm layer to determine permanent wilting point (PWP) and field capacity (FC), allowing the
estimation of available soil moisture under both moisture regimes, where 0% corresponded
to PWP and 100% to FC (Walters, 2021).

Available soil moisture values were plotted to evaluate their dynamics before and after
flowering under both moisture conditions. Terminal drought was considered to occur
when available soil moisture fell below 45% (Allen et al., 2006).

Agronomic management
Fertilization, weed control, pest management, and harvest were carried out in

accordance with the recommendations of Lépez-Salinas et al. (2017) for common bean
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production in Veracruz. Throughout the crop cycle, no diseases occurred that affected

plant development or grain yield in either the fully irrigated or terminal drought trial.

Variables evaluated and statistical analysis

The variables evaluated were: days to physiological maturity, recorded from planting
until 50% of the plants of each genotype exhibited yellow-colored pods, and grain yield
(kg ha ™ l), estimated from harvested and cleaned grain from each plot and adjusted to 14%
moisture content.

Analyses of variance were performed separately for each moisture condition, and mean
comparisons were conducted using the Least Significant Difference (LSD) test (¢=0.05).
In addition, correlation analyses were carried out among the variables evaluated under
cach moisture condition (Olivares, 1994).

Assessment of drought impact

The effect of drought on the mean yield of each genotype was estimated using the
drought susceptibility index (DSI; Fischer & Maurer, 1978) and the relative efficiency
index (REI), both widely used in drought-resistance studies (Bennani ez al., 2017; Basavaraj
et al., 2025). The following variables were used for index calculation: Ysi = mean yield of
genotype 7 under stress, Yni = mean yield of genotype 7 under non-stress conditions, ¥s =
mean yield of all genotypes under stress, and Y2 = mean yield of all genotypes under non-
stress conditions.

DSI was calculated as DSEi = (1—Ysi | Yni ) | DII, where the drought intensity index
was obtained as DI =1— (Ys / Yn). DSI1s a function of yield reduction caused by drought;
a value of 1 indicates medium susceptibility, values greater than | indicate susceptible
genotypes, and values close to zero indicate lower drought susceptibility (Fischer & Maurer,
1978).

REI was calculated as REI = (Ysi / Ys) X (Ym' / Yn). This index allows classification of
genotypes on the basis of their performance under both moisture conditions; higher values
indicate greater productive efficiency and better relative performance (Basavaraj et al.,

2025).

RESULTS AND DISCUSSION
Soil moisture and stress conditions

From planting to the flowering stage, both trials showed similar patterns in soil moisture
content, with an average of 96% available water. During this period, soil water depletion
did not exceed 45%, the threshold at which common bean begins to experience stress (Allen
et al., 2006). Upon suspending irrigation in the terminal drought trial, available moisture
declined gradually as the crop progressed toward physiological maturity (Figure 1).

At physiological maturity in this trial, moisture content averaged 26.4%, indicating that
plants were subjected to water stress during most of the reproductive phase. This did not
occur in the irrigated trial, where available moisture remained above the critical threshold
throughout the entire cycle, averaging 88%.
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Figure 1. Available moisture in the topsoil layer (0-30 cm) during common bean development in the irrigated
and terminal drought trials established at La Colonia Ejidal, Cotaxtla, Veracruz, during the winter-spring
2024 cycle. Blue dotted lines show the percentage of soil moisture at field capacity (FC), under water stress, and
at permanent wilting point (PWP). Asterisks indicate irrigation dates, and the red arrow indicates irrigation
suspension in the drought trial.

Earliness and grain yield

In both trials, statistical significance was detected among treatments (P<0.01 or 0.05)
for both variables quantified (Table 1), indicating that genotypes differed both in the timing
of physiological maturity and in their productive capacity under irrigated and terminal
drought conditions.

Under both moisture conditions, the cultivar Verdin was the earliest to reach
physiological maturity, with timing statistically similar to the cultivar Rubf and the lines
Papaloapan/SEN-46-3-2 and Negro Citlali/ XRAV-187-3-1-8 under full irrigation, and
significantly shorter than the rest of the genotypes under terminal drought (Table 2).
Terminal drought stress reduced days to maturity by an average of 6.47% across all
genotypes, equivalent to 5.0 days; the cultivars Verdin and Rubi, along with five other
lines, showed reduction percentages below the overall average, whereas the cultivar
Rincén Grande and the line Papaloapan/SEN-46-7-7 were the most affected for this

Table 1. Mean squares and statistical significance of variables quantified in trials conducted under full
irrigation and terminal drought during the crop cycle at La Colonia Ejidal, Cotaxtla, Veracruz. Winter-

spring cycle of 2024.
Full irrigation Terminal drought
SV DF ¥ T
DPM' GY* pPM' GY*
Treatments 14 26.25 ** 188926.28** 8.58 ** 133609.42 *
Blocks 2 0.47 32704.00 4.86 41350.00
Error 28 2.30 51611.14 1.39 59156.00
Total 44
CV (%) 1.96 15.88 1.63 21.60

SV: Source of variation. DF: Degrees of freedom. "TDPM: Days to physiological maturity. *GY: Grain yield.
*Significant at P<0.05; **Significant at P<0.01.
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Table 2. Effect of terminal drought stress on days to physiological maturity of black bean genotypes evaluated
under full irrigation throughout the crop cycle and with irrigation suspension at flowering initiation. La
Colonia Ejidal, Cotaxtla, Veracruz, Mexico. Winter-spring cycle of 2024.

Physiological maturity (days)
Genotype
Full irrigation Terminal drought Reduction (%)

Papaloapan/SEN-46-2-6 77.67cde 73.33ab 5.59
Papaloapan/SEN-46-3-2 74.67fgh 73.33ab 1.79
Papaloapan/SEN-46-7-7 82.33a 73.67a 10.52
Papaloapan/SEN-46-7-10 79.00bcd 72.67abcd 8.01
Papaloapan/SEN-46-7-12 80.67ab 74.00a 8.27
Negro Citlali/ XRAV-187-3-1-5 75.67efg 73.33ab 3.09
Negro Citlali/ XRAV-187-3-1-6 76.00efg 73.67a 3.07
Negro Citlali/ XRAV-187-3-1-8 74.33fgh 70.00e 5.82
Rincén Grande 80.00abc 71.33cde 10.84
Jamapa Plus/XRAV-187-3-4-1 80.67ab 73.67a 8.68
Jamapa Plus/XRAV-187-3-4-4 76.00efg 71.33cde 6.14
CIAT-103-25 79.33bc 73.00abc 7.98
Negro Jamapa (RC) 76.67def 71.00de 7.39
Verdin 72.33h 68.00f 5.99
Rubi 73.67gh 71.67bcde 2.71
Mean'" 77.27 72.27 6.47
LSD (0.05) 2.54 1.97

Correlation (r) with GY* —0.719%* —0.557*

+Percentage reduction due to terminal drought stress. Mean days to physiological maturity under full
irrigation and terminal drought. *Correlation coefficient with grain yield. RC: regional check. Means
followed by different letters within a column are significantly different according to LSD (a¢=0.05).

trait (Table 2). This phenomenon occurs because water stress prematurely induces
leaf” senescence to accelerate nutrient remobilization toward reproductive structures
(Labastida et al., 2023).

Generally, common bean genotypes that perform well under drought conditions also
perform well without moisture stress (Szilagyi, 2003; Beebe et al., 2008). This premise
held true in this study, as most genotypes that excelled in yield under irrigated conditions
also performed well under terminal drought. The cultivar Verdin was the most productive
under both moisture conditions, followed by the lines CIAT-103-25 and Jamapa Plus/
XRAV-187-3-4-4, whereas the lines Papaloapan/SEN-46-7-12 and Papaloapan/SEN-46-
7-7 yielded the lowest under both moisture regimes (Table 3). The high productivity of
Verdin in environments with and without terminal drought has been documented in other
evaluation studies of black bean genotypes under residual moisture conditions in Veracruz
and Chiapas (Tosquy-Valle et al., 2018).

Under both irrigated and terminal drought conditions, days to physiological
maturity were negatively and significantly correlated with grain yield (r=—0.719%* and
—0.557%). This correlation suggests that earliness may have functioned as a drought-

escape mechanism, allowing completion of the reproductive cycle before severe water
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Table 3. Effect of terminal drought stress on grain yield of black bean genotypes evaluated under full
irrigation throughout the crop cycle and with irrigation suspension at flowering initiation, and estimated
drought susceptibility (DSI) and relative efficiency (REI) indices. La Colonia Ejidal, Cotaxtla, Veracruz,
Mexico. Winter-spring cycle of 2024.

Grain yield (kg ha™!)
Genotype Full irrigation Terminal Reduction DSI REI
drought (%)

Papaloapan/SEN-46-2-6 1480.00abc 1198.33ab 19.03 0.89 1.10
Papaloapan/SEN-46-3-2 1581.67ab 1215.00ab 23.18 1.09 1.19
Papaloapan/SEN-46-7-7 1033.33de 768.33cd 95.64 1.20 0.49
Papaloapan/SEN-46-7-10 1106.67cde 1000.00bed 9.64 0.45 0.69
Papaloapan/SEN-46-7-12 838.33¢ 645.00d 23.06 1.08 0.34
Negro Citlali/ XRAV-187-3-1-5 1538.33ab 1211.67ab 21.23 1.00 1.16
Negro Citlali/ XRAV-187-3-1-6 1486.67ab 1088.33abc 26.79 1.26 1.00
Negro Citlali/ XRAV-187-3-1-8 1570.00ab 1260.00ab 19.74 0.93 1.23
Rincén Grande 1430.00abc 1093.33abc 23.54 1.10 0.97
Jamapa Plus/XRAV-187-3-4-1 1450.00abc 1040.00abcd 28.28 1.33 0.94
Jamapa Plus/XRAV-187-3-4-4 1601.67ab 1300.00ab 18.83 0.88 1.29
CIAT-103-25 1630.00ab 1343.33ab 17.59 0.83 1.36
Negro Jamapa (RC) 1380.00bcd 1020.00abcd 26.09 1.22 0.87
Verdin 1781.67a 1418.33a 20.39 0.96 1.57
Rubi{ 1546.67ab 1286.67ab 16.81 0.79 1.23
Mean'" 1430.33a 1125.89b 21.28
LSD (0.05) 379.89 406.71

TPcr(:cntagc reduction due to terminal drought stress. ""Mean grain yield under full irrigation and terminal
drought. DSI: Drought susceptibility index. REI: Relative efficiency index. RC: regional check. Means
followed by different letters within a column are significantly different according to LSD (¢=0.05).

deficits (Beebe et al., 2008; Zilio et al., 2013), rather than as true tolerance based on
physiological mechanisms such as osmotic adjustment or deeper root systems (Polania
et al., 2016).

The early maturity of Verdin and Rubi represents an adaptive advantage under
terminal drought by allowing plants to complete their cycle before water-deficit periods
that generally occur at the end of the reproductive phase (Acosta-Diaz et al., 2004). In
addition to reducing risks of yield loss from the occurrence of terminal drought, early
genotypes allow producers to obtain greater bean production in less time, with or without
terminal water stress (Tosquy-Valle et al., 2018), possibly through greater efficiency in the
partitioning of dry matter to the grain (Rao et al., 2016). This escape strategy has been
extensively documented in wheat, where high yield potential has also been observed due
to the development of both shallow and deep roots, representing plasticity in response to
drought combined with early flowering (Ehdaie ¢t al., 2012; Shavrukov ¢t al., 2017). In this
study, morphophysiological traits and root characteristics were not evaluated; therefore,
the specific contribution of each mechanism to the observed response requires additional

investigation.
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Terminal drought susceptibility and productive efficiency

During the trials, no rainfall occurred that modified the terminal drought condition.
The drought intensity index (DII) was 0.21, equivalent to an average grain yield reduction
of 304.4 kg ha~! compared to the irrigated condition. This value corresponds to moderate
water stress and is comparable to that reported by Wasae (2021) during pod filling
(DII=0.25) and Darkwa et al. (2016) for terminal drought in Ethiopia (DII=0.30), who
also classified these levels as moderate stress.

Although this level is lower than that considered severe (DII>0.60; Ramirez-Vallejo &
Kelly, 1998), it is representative of the range of terminal drought intensities occurring in the
humid tropics of southeastern Mexico. For instance, Lépez-Salinas ¢t al. (2011) reported
a DII of 0.62 under severe drought conditions in Veracruz, reflecting the variability in
stress intensity that can manifest in the region. This variability depends on factors such
as the duration of periods without rainfall and residual soil moisture, characteristics of a
region with high vulnerability to drought (Ortega-Gaucin et al., 2018). The moderate stress
level evaluated is relevant for identifying genotypes with a favorable response to terminal
drought that commonly occurs in bean plantings in the southeastern region and allowed
differentiation of genotype responses, with yield reductions ranging from 9.64% to 28.28%
(Table 3).

The lines Papaloapan/SEN-46-7-10, CIAT-103-25, Jamapa Plus/XRAV-187-3-
4-4, Papaloapan/SEN-46-2-6, and the cultivar Rubi showed the lowest susceptibility
to terminal water stress, obtaining drought susceptibility index (DSI) values closest
to zero. Meanwhile, the lines Jamapa Plus/XRAV-187-3-4-1, Negro Citlali/ XRAV-
187-3-1-6, Papaloapan/SEN-46-7-7, and the cultivar Negro Jamapa were the most
susceptible, with DSI values exceeding 1.0 (Table 3), indicating that they exhibited
the highest percentages of grain yield reduction due to terminal drought (Fischer &
Maurer, 1978). It is important to note that genotypes with low DSI values are not
necessarily the most productive, as occurred in this study, where the line Papaloapan/
SEN-46-7-10, which showed the lowest drought susceptibility (DSI=0.45), did not
exhibit significantly outstanding grain yield under either full irrigation or terminal
drought (Table 3). A similar situation was reported by Tosquy-Valle et al. (2014) with
other opaque black bean genotypes of the Mesoamerican race from CIAT and the
University of Puerto Rico.

Among the genotypes showing the lowest terminal drought susceptibility, the lines CIAT-
103-25 and Jamapa Plus/XRAV-187-3-4-4, together with the cultivar Verdin, obtained
the highest relative efficiency index (REI) values, indicating high grain yield under both
moisture conditions, whereas the lines Papaloapan/SEN-46-7-12, Papaloapan/SEN-46-7-
7, and Papaloapan/SEN-46-7-10 showed the lowest productive efficiency, with REI values
well below 1.0 (Table 3). The ideal scenario is to have bean genotypes that exhibit low
yield reduction under terminal water stress and high productive efficiency under both full
irrigation and terminal drought.

Selected genotypes require multi-environment validation across diverse locations
and cycles in the humid tropics to confirm their stability. Future research should include

characterization of morphophysiological traits (root system, pod harvest index, water-use
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efficiency) and molecular analyses to elucidate possible specific tolerance mechanisms (Wu
et al., 2024).

In practical terms, Verdin is commercially available (Tosquy-Valle et al., 2016), whereas
CIAT-103-25 and Jamapa Plus/XRAV-187-3-4-4 require additional validation cycles
before becoming available as cultivars or can be used as parents in breeding programs for
terminal drought resistance. The earliness of these materials offers additional advantages:
lower production costs, the possibility of relay cropping, and reduced exposure to late-

cycle pests.

CONCLUSIONS

Earliness functions as an effective escape mechanism to terminal drought in tropical
black bean, explaining the differences in productive efficiency among genotypes. Three
elite materials were selected that combine earliness, low drought susceptibility, and
high productive efficiency under both full irrigation and terminal drought conditions:
the cultivar Verdin (commercially available) and the lines CIAT-103-25 and Jamapa
Plus/XRAV-187-3-4-4, which represent superior alternatives to Negro Jamapa in the
humid tropics. These findings confirm that selection for a short crop cycle is a practical
and effective strategy for developing cultivars adapted to terminal drought. The
characterization of complementary physiological mechanisms would enable optimization
of future breeding strategies.
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ABSTRACT

Objective: To perform a meta-analysis evaluating the efficacy of Beauveria bassiana as a biological control
agent against agricultural pests.

Methodology: A bibliographic search was conducted using the Embase and PubMed databases, applying
the terms Beauveria bassiana, entomopathogenic fungi, crop, plant, and mortality, connected by the operator
“AND.” The search encompassed studies published from 2019 to 2024. The analysis focused primarily on
reported mortality rates, crop species treated, conidial concentrations, and targeted pest species.

Results: The most frequently applied conidial concentration was 1X 10° conidia/mL. Mortality rates ranging
from 25% to 75% were the most commonly reported, particularly in trials targeting Hemipteran pests, where
favorable outcomes were consistently observed.

Limitations: There was notable variability across studies in terms of fungal concentration, crop type,
application technique, and reproducibility of laboratory results, which may affect the generalizability of
findings.

Conclusions: The use of Beauveria bassiana is recommended for the control of Hemipteran pests, given the
consistently high mortality rates reported. Additionally, its potential as a biocontrol agent for mites is proposed,
although further evidence is required to support this application. Conidial concentrations of 1X 10" and
1x10° conidia/mL are suggested, preferably utilizing locally adapted Beauveria bassiana strains.

Keyword: Biopesticide, entomopathogenic fungus, biological control, agriculture.

INTRODUCTION

Agriculture remains one of the main sources of income in several countries,
particularly those with favorable climates for diverse crop cultivation. According to
data from the World Bank, agricultural crop revenues contribute up to 25% of the
gross domestic product (GDP) in certain nations, while in countries with limited arable

land or less suitable climatic conditions, this contribution drops to approximately 4%

of GDP (World Bank, 2024). Compared to other productive sectors, agriculture faces
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a wide range of challenges that can negatively impact crop growth, fruit development,
and, ultimately, harvest yields. Key factors influencing agricultural productivity include
climate change (e.g., temperature fluctuations), soil quality, water availability (e.g.,
droughts or floods), and inefficient irrigation practices often linked to poor human
management (FAO, 2023).

These are compounded by nutrient availability, plant pathogens, and insect
infestations —one of the leading causes of crop and economic losses worldwide. Insects
alone are responsible for up to 40% of global crop losses, posing a major threat to the
sustainability of the agricultural sector (FAO, 2020). Consequently, a significant portion
of agricultural investment is directed toward pest control, with over $30 billion spent
annually on chemical pesticides. These substances, while effective, pose risks to human
health, especially to farmers and consumers. In 2014, the World Health Organization
(WHO) estimated approximately 100,000 deaths per year due to pesticide exposure, with
an additional 200,000 cases of poisoning linked to improper use (OPS, UNEP, FAO, and
MSP, 2014). More recently, these figures have increased, contributing to rising incidence
rates of pesticide-related diseases across all age groups. Notably, in rural areas, children are
particularly vulnerable, with evidence linking pesticide exposure to neurodevelopmental
disorders and increased risk of cancers such as leukemia. In neonates, exposure has been
associated with congenital malformations and behavioral abnormalities (Boedeker et al.,
2024; UNICEF, 2022). Studies conducted between 2002 and 2012 confirmed a significant
association between pesticide exposure and neurological impairments in children, including
cognitive, behavioral, and motor deficits.

These were manifested through reduced attention, memory, learning ability,
concentration, and reflexes attributed to the neurotoxic effects of these chemicals (Mufioz-
Quezada et al., 2013). Beyond health implications, indiscriminate pesticide use, inadequate
management, and inconsistent international regulations have had severe environmental
consequences. These include contamination of soils and water bodies with pesticide
residues. Silva et al. (2019) analyzed 317 soil samples from agricultural lands and detected
pesticide residues in 83% of them; among these, 58% contained between two and over ten
distinct chemical residues.

In light of these issues, numerous innovative alternatives for pest control have emerged.
These include the use of bacteria, entomopathogenic nematodes (EPNs), sterile insect
techniques, entomopathogenic fungi (EPFs), viruses, protozoa, natural predators such
as insects, arachnids, and some vertebrates, parasitic organisms, and biochemicals like
pheromones or growth regulators, all of which have shown promising results. Among
these, entomopathogenic fungi have attracted considerable attention due to their ability
to control various pest species. Although over 90 genera and more than 700 EPT species
have been identified, only a few have been extensively studied. Metarhizium anisopliae
stands out for its high virulence and commercial success. Similarly, Beauveria bassiana has
garnered research interest due to its potential as an insect control agent across a range of
crops. Therefore, the aim of this review is to summarize and discuss current knowledge on

B. bassiana as a biological pest control tool.
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MATERIALS AND METHODS

A comprehensive literature review was conducted using the PubMed and Embase
search engines. The selection criteria included articles published between January 1,
2019, and November 1, 2024. The search employed the keywords Beauveria bassiana,
entomopathogenic fungi, crop, plant, and mortality, connected using the operator “AND.”
In Embase, the initial search using only Beauveria bassiana returned 2,472 articles. This
number was progressively reduced by applying the following keyword combinations:
Beauveria bassiana AND crop (210 articles), Beauveria bassiana AND crop AND plant (101
articles), Beauveria bassiana AND crop AND plant AND mortality (42 articles), and finally
Beauveria bassiana AND crop AND plant AND mortality AND entomopathogenic fungi
(28 articles). After applying the publication date filter (2019-2024), 20 articles remained.

An identical search strategy was applied in PubMed, resulting in 30 articles. Duplicate
entries between both databases and inaccessible full texts were excluded. A thorough
review of the remaining articles was then performed, selecting only those that included
pest mortality data, the concentration of Beauveria bassiana used during application, and
the number of exposure days. Articles lacking any of these criteria were discarded, yielding
a final selection of 24 articles for analysis (Figure 1). Studies that included comparisons
between B. bassiana and other entomopathogenic fungi or chemical agents were also
considered; however, only data specifically related to B. bassiana were extracted and
analyzed in this review.

To generate graphical data, average pest mortality rates reported in the articles were
used. This approach was chosen because some studies presented varying mortality outcomes
across repeated trials; therefore, mean values were calculated to ensure consistency in the
data analysis.

Articles identified Articles identified
through the PubMed through the Embase
database database
n=30 n=20
_ Duplicated
=il articles n=18

Articles that were not

n=32 freely accesible
n=3
Articles discarded after
n=29 [ full-text reading
n=5
n=24

Figure 1. Flowchart for study identification.
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RESULTS AND DISCUSSION

Through the review of 24 selected articles, various conidial concentrations of Beauveria
bassiana used to assess pest mortality were analyzed. These concentrations ranged
from <1x10° to >1x10" conidia/mL. A few studies reported extreme values, using
concentrations as low as <1x10% or as high as >5X 10"? conidia/mL. However, these were
excluded from the review as they served other purposes and did not report the required
parameters (Figure 1). The reviewed studies demonstrated that B. bassiana can induce pest
mortality at a range of concentrations (Figure 2). Nonetheless, the majority of the trials
employed concentrations of 1 X 106, 1 X 107, 1 X 108, and 1x10° conidia/mL, with 1X 108
conidia/mL being the most frequently used. Notably, higher concentrations were typically
associated with trials involving commercial formulations rather than locally sourced fungal
1solates. This suggests that higher doses may be necessary to achieve effective results when
using commercial strains, possibly due to their lower adaptability to local environmental
conditions. In contrast, regionally adapted strains may exhibit better efficacy at lower
concentrations, as they are more compatible with the local climate, soil, and target pests.

Regarding pest mortality data, considerable variability was observed in the relationship
between reported mortality rates and the conidial concentrations used. This variability can
be attributed to the type of pest targeted and the methodological differences among studies.
Some experiments were conducted under laboratory conditions using seeds, culture media,
plants, or directly on insects, while others were carried out in the field under diverse pest
and crop scenarios.

Despite these differences, it was evident that concentrations of 1 X 10° and 1x10° conidia/
mL were consistently associated with high mortality rates, whereas other concentrations
tended to result in moderate or low mortality levels (Figure 3). Notably, in one study using
a concentration >1x10'" conidia/mL, no significant increase in mortality was observed.

This finding suggests that higher conidial concentrations do not necessarily correlate with

Number of articles

1%10° conidia/mL 1=10% 1=107 comidi 1x10* conidia/mL 1107 dia/mlL 1x10"

Concentrations used

Figure 2. Comparison of Beauveria bassiana concentrations and pest mortality rates across studies.
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Figure 3. Average reported mortality rate by conidial concentration used in each study.

greater efficacy in pest control. However, it cannot be ruled out that the lack of effectiveness
in this particular case may have been due to poor compatibility between B. bassiana and
the specific pest species targeted.

Most of the analyzed studies were conducted on wheat, with several performed under
laboratory conditions (Figure 4). Among the crops studied, higher pest mortality rates were
reported in lemon, papaya, and tomato. However, due to the limited number of studies
involving these specific crops, it is not possible to draw definitive conclusions regarding
consistent mortality outcomes. Therefore, further research focused on these crops is
necessary to allow for a more comprehensive and conclusive analysis.

According to the average mortality data reported in the analyzed studies (Figure 5),
most recorded pest mortality rates ranging between 25% and 75%. Four studies reported
mortality rates below 25%, while another four studies documented rates above 75%. These
findings are consistent with prior research, which indicates that mortality rates generally
range from 20% to 70%, depending on whether B. bassiana is applied to insect larvae or
eggs (Ruiz Sanchez ez al., 2009).

50%

Mortality rate
|
'
|
!

o |

Tomato Broccosi Cabbage Papaya Omamental rees Green paas Cotion Com Lemon Wheat Laboratory

Site of application of the fungus Beauveria bassiana

Figure 4. Average mortality reported in the reviewed studies following application of Beauveria bassiana.
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Figure 5. Average Mortality Percentage Reported in Each Analyzed Study.

Of the total articles reviewed, 23 focused on insecticidal activity and one reported
acaricidal function (Figure 6). The latter achieved a 95% mortality rate against the
papaya mite Tetranychus merganser, making Beauveria bassiana a promising option for
mite control, as reported by Alfaro-Valle e al. (2022). The highest mortality rates were
observed against a range of pest species, including Phthorimaea absoluta (Lepidoptera),
Tenebrio molitor (Coleoptera), Brevicoryne brassicae (Hemiptera), Diaphorina citri Kuwayama
(Hemiptera), Lygus lineolaris (Hemiptera), Paracoccus marginatus Williams & Granara de
Willink (Hemiptera), Phenacoccus solenopsis Tinsley (Hemiptera), and the papaya mite
Tetranychus merganser.

Based on the average mortality percentages reported across the reviewed studies,
Coleopteran insects were the most frequently used organisms in experimental trials
(Iigure 7). However, mortality rates within this order varied considerably, ranging from
12.46% to 77.56%, making it difficult to establish a consistent expectation of B. bassiana
efficacy against Coleoptera. In contrast, Hemipteran pests showed consistently high

mortality rates. Eight out of nine studies reported mortality rates above 50%, with two
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Figure 7. Average mortality percentage by taxonomic order of organisms used in the studies.

studies documenting exceptionally high values of 95% and 96.5%. For Lepidopteran pests,
mortality rates generally ranged between 25% and 70%. Although B. bassiana has been
associated with effective Lepidopteran control (Lloclla Gonzales et al., 2017), the present
meta-analysis indicates that B. bassiana demonstrates greater efficacy against Hemipteran
pests, compared to its use against Lepidopteran and Coleopteran insects, despite previous
reports supporting its broader entomopathogenic activity (Lloclla Gonzales et al., 2017,
Malpartida-Zevallos et al., 2013).

CONCLUSIONS

This meta-analysis offers an updated and comprehensive overview of the efficacy of
Beauveria bassiana as a biological pest control agent. Following an exhaustive review of
the literature, B. bassiana is recommended primarily for the control of Hemipteran pests,
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while its efficacy against Coleopterans and Lepidopterans appears to be more variable
and less consistent. Consequently, the integration of B. bassiana with complementary pest
management strategies 1s advised to enhance overall effectiveness.

Additionally, findings support the dual utility of B. bassiana as both an insecticide
and acaricide, with one study reporting a 95% mortality rate against the mite Zetranychus
merganser.

Finally, the optimal concentration for B. bassiana formulations, particularly when
derived from local strains adapted to regional conditions, ranges between 1X 10" and

1x10° conidia per milliliter.
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ABSTRACT

Objective: To evaluate the effect of probiotic supplementation (Bacillus subtilis PB6) on weight gain, as well as
the incidence and recurrence of diarrhea and pneumonia in multibreed kids in northern Mexico.
Design/Methodology/Approach: The study was conducted in Ejido Corona, Municipality of Matamoros,
Coahuila (northern Mexico). The experiment lasted 25 days in October 2022. Ninety-nine kids were randomly
assigned to two homogeneous groups based on body weight (BW; 3.7+0.2 kg). The control group (CG; n=50)
received 5 mL of milk per kid per day. The treated group (TG; n=49) received 5 mL of milk per kid per day
supplemented with 1 g/kg BW of Bacillus subtilis PB6. Administration was performed daily at 12:00 p.m. The
probiotic dose was adjusted every five days, coinciding with body weight measurements.

Results: No significant difference was observed in final BW (p>.05; 7.7%0.1 kg vs. 7.4%0.2 kg for TG and
CG, respectively). A significant difference was found in diarrhea incidence (p<.05; 28% vs. 50% for TG and
CG, respectively), as well as in diarrhea recurrence (p<.05; 29% vs. 48% for TG and CG, respectively). These
findings indicate that supplementation with Bacillus subtilis PB6 reduced the incidence and recurrence of
diarrhea and may have contributed to the prevention of pneumonia.

Limitations/Implications: A longer supplementation period may be required to observe significant effects
on body weight in kids.

Findings/Conclusions: Probiotic supplementation with Bacillus subtilis PB6 improved health outcomes by
reducing diarrheal incidence and recurrence in multibreed kids raised under semi-arid conditions in northern
Mexico.

Keywords: goats; intestinal health; probiotics; weight gain; diarrhea

INTRODUCTION
Semi-arid environments play a decisive role in the establishment of vegetation cover
and the availability of forage resources, as they are characterized by low precipitation,

high thermal variability, and vegetation dominated by natural grasslands and
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xerophytic shrubs (Tarango, 2005; Sdanchez et al., 2023). Under these agroecological
conditions, goat production has become established as a viable livestock activity due to
the physiological adaptability of goats, their hardiness, and their ability to utilize low-
quality forage.

In Mexico, goat production is concentrated primarily in the arid and semi-arid regions
of the northern and central parts of the country, where annual precipitation ranges
between 350 and 600 mm (FAO, 2011; Tarango, 2005). In these areas, extensive production
systems predominate, based on daytime grazing and nighttime confinement, which helps
reduce feeding costs by utilizing natural rangelands. Beyond its ecological suitability,
goat production also plays a significant socioeconomic role, as it provides meat and milk
that contribute to food security and income generation for small-scale rural producers
(Echavarria et al., 2006; Maldonado-Jaquez et al., 2014).

Despite its productive importance, goat production in semi-arid regions faces
significant constraints, particularly during the neonatal stage. Kid mortality represents
one of the main factors affecting system profitability, resulting in considerable
economic losses. Neonates possess an immature immune system, which increases their
susceptibility to gastrointestinal and respiratory diseases (Cuéllar et al., 2012). Among
the primary causes of morbidity and mortality are infectious diarrheal diseases, whose
etiological agents include Escherichia coli, Salmonella spp., Clostridium perfringens, coccidia
of the genus Eimeria, and Cryptosporidium spp. (Alarcén-Aburto, 2005; Sudrez et al.,
2007). Additionally, environmental factors such as low temperatures may increase the
incidence of respiratory diseases, particularly pneumonia (Windeyer et al., 2014; Cheng
et al., 2021).

Traditionally, antibiotics have been used for the prevention and treatment of these
diseases; however, their indiscriminate use has raised concerns due to the development of
antimicrobial resistance and the presence of residues in animal-derived products intended
for human consumption. This scenario has prompted the search for sustainable alternatives
that improve animal health without posing risks to public health. In this context, probiotics
defined as live microorganisms that, when administered in adequate amounts, confer
health benefits on the host (FAO/WHO, 2002) have emerged as a promising strategy in
animal production. In ruminants, probiotic supplementation has been associated with
improvements in intestinal health, feed efficiency, weight gain, and reduced incidence of
diarrhea.

Nevertheless, information regarding the use of specific probiotic strains in kids raised
under production systems in semi-arid regions remains limited. The strain Bacillus subtilis
PB6 has demonstrated potential to maintain intestinal microbiota balance and improve
productive performance in farm animals (Kritas & Morrison, 2005; Kritas et al., 2006);
however, its effects on the health and growth of neonatal kids have not been sufficiently
documented. Therefore, the objective of the present study was to evaluate the effect
of dietary supplementation with Bacillus subtilis PB6 on weight gain, as well as on the
incidence and recurrence of diarrhea and pneumonia in multibreed kids raised under

semi-arid conditions in northeastern Mexico.
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MATERIALS AND METHODS
Allmethods and management of the experimental groups were conducted in accordance
with international (ASAS, 2020) and national (NAM, 2002) guidelines for the care, ethical

use, and welfare of research animals, with institutional approval (UAAAN-UL: 3811-
425502002-2792).

Description of location and environmental conditions

The study was conducted in the municipality of Matamoros, Coahuila, a semi-arid
region in northeastern Mexico (103°15° 38” W, 25° 35° 03” N; 1,111 m) (INEGI, 2020).
The mean annual precipitation is 230 mm, with an average annual temperature of 22 °C,
a maximum of 38 °C, and a minimum of 8 °C (CONAGUA, 2018).

Animals and treatments

Ninety-nine kids were randomly selected and assigned to two homogeneous groups
based on birth weight: Treatment Group (TG; n=49; 3.8 kg body weight [BW]) and
Control Group (CG; n=50; 3.7 kg BW). Colostrum intake was ensured through direct
suckling.

During part of the lactation period (25 days), from October 7 to November 1, 2022,
both groups received 5 mL of milk per kid administered orally using a disposable syringe.
The milk provided to the TG was supplemented with 1 g of a commercial product
containing 2 X 108 colony-forming units (CFU) of Bacillus subtilis PB6 per kilogram of body
weight. Administration was performed daily at 12:00 p.m. The probiotic dose was adjusted
according to BW every five days, coinciding with the weighing of the kids.

Evaluated variables

Body weight

Body weight was recorded using a digital hanging scale (WH-100) at the beginning of
the study and every five days over a 25-day period.

Incidence and recurrence of diarrhea

Each kid was monitored daily through observation of feces in the perianal area. When
diarrhea was detected, a small sample was collected and transported to the pathology
laboratory at UAAAN, where fecal color (dark green, white, or orange) was recorded.
Diagnosis was performed using coprological examinations and Ziehl-Neelsen staining to
determine the etiological agent of the diarrhea. Additionally, each kid was examined daily
for clinical signs of pneumonia. Disease incidence was determined by recording the number
of confirmed cases, and recurrence was defined as the number of cases that resolved and

subsequently reoccurred within the 25-day study period.

Statistical analysis

To determine differences in weight gain between groups was performed using the
Student’s t test. Differences in the proportions of kids with incidence and recurrence of
diarrhea and pneumonia were evaluated using the chi-square test. A significance level
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of p<.05 was established to determine statistical differences. Statistical analyses were
conducted using SYSTAT version 12. Incidence was defined as the number of new cases
occurring within a specified period divided by the population at risk (I=amount of cases/
population at risk). Recurrence was defined as the number of existing cases within a

population at a given time, without distinguishing between new and previous cases (WHO

& PAHO, 2018).

RESULTS AND DISCUSSION
For the final body weight variable (25 days of age), no significant difference was observed
(p>.05; 7.7£0.1 kg vs. 7.4%0.2 kg) between the TG and CG, respectively (Table 1).

Incidence of diarrhea

Laboratory diagnosis identified Cryptosporidium parvum as the etiological agent
responsible for the diarrheal cases observed, infecting the intestinal tract of the kids. The
incidence of diarrhea was higher in the control group than in the treated group (p<.05;
50% vs. 28%). Likewise, a significant difference was observed in the recurrence of diarrhea
(48% vs. 29%), favoring the TG (Table 2).

Regarding pneumonia, only one kid death was recorded with an initial suspicion of this
condition (control group). However, postmortem examination revealed that the cause of
death was drowning due to animal overcrowding during the night.

In the present study, greater weight gain (kg) was hypothesized in the TG, along with
lower incidence and recurrence of diarrhea and pneumonia. The results showed no
statistically significant difference in body weight between groups. This finding is consistent
with Souza et al. (2021), who administered Bacillus subtilis PB6 in poultry, cows, and deer
and reported no significant weight gain. Similarly, studies evaluating weight gain in kids
have reported significant differences only after 30 days of supplementation (Sivadasan,
2020). However, in our study, a significant difference was observed in diarrhea incidence.

Table 1. Body weight (kg) of two groups of multibreed kids from
northeastern Mexico supplemented with Bacillus subtilis PB6 for
25 days after birth.

Body weight (kg) TG (n=49) CG (n=50)
Initial 3.8+0.1° 3.7%0.2°
Final 7.7£0.1* 7.4%0.2"

b Means within rows do not differ significantly (p>.05).

Table 2. Incidence and recurrence of diarrhea and pneumonia

in multibreed kids from northeastern Mexico supplemented with
Bacillus subtilis PB6 for 25 days after birth.

Diarrhea GT (n=49) GC (n=50)
Diarrhea incidence, n (%) 14/49 (28)* 25/50 (50)*
Diarrhea recurrence, n (%) 4/14 (29)* 12/25 (48)*
Pneumonia, n (%) 0/49 (0 1/50 (2)*

&P Means within rows do not differ significantly (p>.05).
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The control group presented 25 cases (50%) of diarrhea, compared with only 14 cases
(28%) in the probiotic-treated group. Likewise, recurrence of this condition was lower in
the TG than in the CG (29% vs. 48%). These findings are consistent with studies evaluating
probiotic supplementation in goats, which reported a reduction in diarrhea cases (Galina
& Puga, 2009).

Microbial populations in the digestive system of animals are highly specialized and
composed of diverse microorganisms, including bacteria, fungi, and protozoa (Figueroa
& Vilades, 2008). These microorganisms are responsible for essential digestive and
fermentative functions, such as vitamin synthesis, maintenance of intestinal mucosal
integrity, and protection against pathogenic agents (Relling & Mattioli, 2003). Based on
this premise, the findings of the present study may be interpreted in light of the lower
incidence of diarrhea observed in the treated group compared with the control group. This
reduction may be attributed to the inhibitory effects of probiotics on pathogenic agents,
thereby decreasing the occurrence of the disease.

Studies evaluating probiotics in animals have demonstrated that their beneficial effects
are associated with specific mechanisms of action. Probiotic strains can positively influence
digestive system balance by adhering to the intestinal epithelium and exerting competitive
exclusion, bacterial antagonism, and immunomodulatory effects. These mechanisms are
reflected in reduced populations of pathogenic bacteria and improved nutrient utilization
(Markowiak & Slizewska, 2018).

Probiotic supplementation in goats has been shown to improve intestinal health
and support disease prevention by reducing pathogenic bacterial strains that affect the
gastrointestinal tract, thereby decreasing disease incidence. Studies in sheep supplemented
with Bacillus subtilis have reported improvements in intestinal health, productivity,
metabolic profile, and reduced disease occurrence (Devyatkin, Mishurov, & Kolodina,
2021; Sheikh et al., 2022).

The favorable results obtained in the present study regarding intestinal health may
be attributed to the ability of probiotics to produce bacteriocins, adhere to the intestinal
epithelium, and modify pH levels. These mechanisms create unfavorable conditions for
pathogenic microorganisms, thereby limiting their survival and contributing to a reduction
in disease occurrence (Corr ¢t al., 2007; Shim et al., 2012; Jordan et al., 2014).

Previous research has reported a reduction in pathogenic strains (Escherichia coli,
Clostridium spp., and Salmonella spp.) in various animal species, including poultry and
piglets, following probiotic supplementation. These studies have also documented an
increase in populations of Lactobacillus and Bifidobacterium, resulting in improvements in
gut microbiota composition, enhanced digestive health, reduced incidence of diarrhea,
and improved nutritional status (Shim et al., 2012; Liu et al., 2014; Mookiah et al., 2014;
Zhang & Kim, 2014; Zhang et al., 2016). Other studies have reported that supplementation
with lactic acid bacteria and Bacillus spp. modifies microbial populations within the
gastrointestinal tract (Abdelgader, Irshaid, & Al-Fataftah, 2013). Additionally, probiotic
supplementation has been shown to improve intestinal health, enhance milk quality,

support disease prevention, and promote weight gain after 30 days of supplementation
(Abd El-Tawab et al., 2016).
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Although no cases of pneumonia were recorded in the present study, this absence may
be attributed to the environmental conditions of the study area, as well as to the lack of
coccidiosis cases, which have been associated with increased pneumonia incidence (Donkin
& Boyazoglu, 2004; Kattimani ez al., 2020). Given the limited number of studies evaluating
weight gain in kids supplemented with probiotics, it is possible that supplementation

periods longer than 30 days are required to observe measurable effects on body weight.

CONCLUSIONS

Supplementation with Bacillus subtilis PB6 improved the health status of the kids
and reduced both the incidence and recurrence of diarrhea. Additionally, it may have
contributed to the prevention of pneumonia. A longer supplementation period with Bacillus

subtilis PB6 may enhance body weight in multibreed kids raised in northern Mexico.
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ABSTRACT

Objective: To evaluate the quality of tomato seedlings produced from cuttings rooted in a nutrient solution
and in solid substrates (peat moss, red volcanic rock, and a mixture of both substrates), and to determine their
subsequent effects on plant growth and yield.

Design/methodology/approach: Cuttings were collected from 80-day-old mother plants. After treatments
were established, rooting was conducted inside a controlled structure maintained at 15-20 °C and 70% relative
humidity (RH). Irrigation was applied automatically every hour for two minutes using a nutrient solution at
50% strength. The experimental design was a randomized complete block design (RCBD) with four replications.
Growth variables were recorded 20 days after rooting initiation and at the onset of harvest. Subsequently, yield
and its components were assessed.

Results: All seedlings met quality standards at transplanting; however, seedlings derived from cuttings rooted
in nutrient solution exhibited significantly greater stem diameter (7.3 mm), leaf'area (354.5 cm?), and dry weight
(3.1 g). Nonetheless, at the adult plant stage, no differences in growth or yield were detected among treatments.
Limitations on study/implications: An economic feasibility analysis is required for each substrate evaluated.
Findings/conclusions: For seedling production, rooting in nutrient solution or in a 1:1 (v/v) mixture of peat
moss and red volcanic rock constitutes a more viable option in terms of cost-effectiveness and accessibility.

Keywords: Tomato cuttings, nutrient solution, substrates, seedling quality.

INTRODUCTION

Tomato (Solanum lycopersicum L.) is the most widely cultivated horticultural species
under protected cultivation in Mexico (SIAP, 2023; USDA, 2024). Within tomato
production systems, the nursery stage is particularly critical, because seedling quality

directly determines the number of flowers and fruits set in the first trusses (Gaytan-Ruelas
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et al., 2016; Moreno-Pérez et al., 2021). The cost of seedlings destined for greenhouse
management is high, primarily because hybrid seeds and relatively expensive substrates are
typically used for sowing (Moreno et al., 2021; Mejia et al., 2023). In Mexico, the substrate
most commonly used for tray-based seedling production is sphagnum peat moss, either
alone or combined with perlite. Both materials exhibit physical and chemical properties
that promote optimal seedling growth due to their high capacity for water retention and
root-zone oxygen availability (Lazcano-Bello et al., 2021). Nevertheless, both substrates are
costly (Ortega-Martinez et al., 2010), a constraint that becomes even more pronounced in
production systems operating at high plant densities, as proposed by Sdanchez-Del Castillo
et al. (2010), Sanchez-Del Castillo ¢ al. (2012), and Moreno-Pérez et al. (2021). In such
systems, up to 80,000 plants ha™! may be established in a four-month crop cycle, and as
many as 240,000 seedlings ha™! year_1 when three crop cycles per year are implemented.
Accordingly, the present study proposes the use of rooted cuttings as a substitute for
conventional botanical seed propagation (Moreno-Pérez et al., 2016; Mejia-Betancourt et
al., 2023), together with the use of low-cost media such as tezontle sand (red volcanic rock)
for rooting and/or transplant production, or even the use of a nutrient solution as a rooting
medium in place of the high-cost substrates commonly employed (Ortega-Martinez et al.,
2010; Moreno-Pérez et al., 2016; Cheiri et al., 2018; Urrestarazu-Gavildn, 2023). Based
on this rationale, the objective of this work was to evaluate the quality of tomato seedlings
obtained from cuttings rooted in different solid substrates or in a nutrient solution, and
to determine their effects on plant growth and yield at the end of the cropping cycle. The
hypothesis is that seedlings produced from cuttings rooted in nutrient solution will exhibit
high transplant quality and comparable if not superior productive performance relative
to those rooted in substrate, given that immediate nutrient availability in solution may
optimize development while reducing production costs. In addition, it is proposed that
combining fine tezontle sand with peat moss may be ideal for rooting cuttings, because

tezontle provides high moisture retention, whereas peat moss enhances root-zone aeration.

MATERIALS AND METHODS
Site and biological material

The nursery phase was conducted in a 300 m? greenhouse located at the Experimental
Field of the Universidad Auténoma Chapingo. This greenhouse was equipped with a high
light-diffusion thermal polyethylene cover, anti-aphid insect-proof screens, and a climate-
control system consisting of heating, a wet wall, and exhaust fans to regulate temperature
and relative humidity. Subsequent crop management was performed in a separate 500 m?
greenhouse with characteristics similar to those of the nursery facility. The tomato hybrid
‘Pai Pai’ (Enza Zaden), a saladette-type cultivar with an indeterminate growth habit, high
yield potential, and broad adoption among growers, was used.

Experimental design and treatments
A randomized complete block design (RCBD) was implemented with four treatments
and four replications, using 10 plants per experimental unit. The treatments (Figure 1)

were as follows:
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Treatment 1: Rooting of cuttings in nutrient solution. A plastic tray (25 cm wide X
50 cm long X 20 cm deep) was filled with a 50% strength nutrient solution containing the
following nutrients (mg L_l): N=200, P=50, K=250, Ca=300, S=150, Mg=50, Fe=2,
Mn=1, Cu=1, Mo=0.5, B=0.5, and Zn=0.5. A perforated polystyrene (Styrofoam) sheet
with holes spaced 10 cm apart in both directions was placed over the tray, and tomato
shoots were inserted into the holes for rooting.

Treatment 2 (control): Rooting of cuttings in 60-cell trays (200 cm’® per cell) filled
with peat moss as the substrate.

Treatment 3: Rooting of cuttings in 60-cell trays (200 cm’® per cell) filled with fine red
tezontle (red volcanic rock) sand (particle size 1-3 mm in diameter).

Treatment 4: Rooting of cuttings in 60-cell trays filled with a 1:1 (v/v) mixture of fine
tezontle sand and peat moss.

Variables evaluated

At 20 days after cutting rooting, seedlings were assessed for: plant height (cm),
measured from the root collar to the apical shoot; stem diameter (mm), measured between
the second and third leaves; leaf area (CmQ), using a LI-3000A leaf area meter (LI-COR,
Lincoln, Nebraska); root volume (cmg), determined by the water-displacement method
in a graduated cylinder; and dry weight (g), obtained by oven-drying seedlings at 70 °C
for three days.

At the onset of harvest (90 days after transplanting), plants were evaluated for: plant
height (cm), measured from the root collar to the terminal topping point; stem diameter
(mm), measured below the second basal leaf; plant width (cm), recorded at the widest
point without manually extending the leaves; and leaf area index (LAI), calculated by
multiplying the leaf area per plant by the plant density (plants m_Q) in the greenhouse,
using a LI-3000A leaf area meter (LI-COR, Lincoln, Nebraska). In addition, the number
of flowers and fruits per plant, mean fruit weight (g), and yield per plant (kg plant ™ 1) were

determined.

Figure 1. Treatments evaluated: (a) T'1 (rooting of cuttings in nutrient solution), (b) T2 (rooting of cuttings in
peat moss), (c) T3 (rooting of cuttings in fine red tezontle [red volcanic rock]), and (d) T4 (rooting of cuttings in
a mixture of peat moss + fine red tezontle).
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Experimental management
For the rooting of tomato cuttings (shoots), the methodology described by Mejia-
Betancourt et al. (2023) was followed, with the following adaptations:

a) Shoots were collected from 80-day-old mother plants (Figure 2).

b) Inside a greenhouse, a structure measuring 10 m long X 3 m wide X 2.5 m high
was constructed using agribon mesh and smooth galvanized wire. The structure
was equipped with a water tank containing nutrient solution, a pump, piping, low-
pressure misting nozzles, and metal stands to support the trays (Figure 3).

Misting nozzles were installed at 1.3 m intervals to deliver irrigation (50% strength
nutrient solution) to cuttings during rooting, applied every 2 h for 2 min. Internal

temperature was maintained between 15 and 20 °C, and relative humidity (RH)
between 70 and 80%.

E
.- X =9

Figure 2. Collection of a lateral shoot with the ideal characteristics for rooting: (a) mother plant and (b) shoot
selected for rooting.

Greenhouse 7

i

5

B
A

Figure 3. Cutting-rooting structure: (a) interior view and (b) exterior view.
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¢) A 5-day acclimation phase was subsequently conducted under standard greenhouse
conditions. Two irrigations per day were applied using full-strength (100%) nutrient
solution, one at 09:00 and another at 14:00 h. In the treatment in which cuttings
were rooted directly in nutrient solution, aeration was provided using an aquarium
air pump (Figure 4).

Transplanting was performed 20 days after cutting rooting. Crop beds 1 m wide were
used, filled with red tezontle (red volcanic rock) sand as the substrate (particle size 1-3
mm). Plants were trained to a single stem at a density of 7 plants m~? of greenhouse area,
and when the third inflorescence had formed, the terminal bud was removed, leaving two
leaves above the third truss (Figure 5). Pollination was performed manually by shaking the

wires supporting the training strings. Irrigation was applied using flexible polyethylene

drip tape with integrated emitters spaced every 20 cm.

Figure 4. Aeration in Treatment 1: (a) aquarium air pump, (b) nutrient-solution treatment with oxygen
supplementation, and (c) developing roots.

Figure 5. (a) Tomato plant topped at three trusses and (b) plant with two leaves above the third truss.
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Data analysis

Data were first examined to verify compliance with the normality assumption.
Subsequently, the variables were subjected to analysis of variance (ANOVA), and treatment
means were compared using Tukey’s test (P<0.05), employing the Statistical Analysis
System (SAS) for Windows, version 9.4.

RESULTS AND DISCUSSION
Variables evaluated at the seedling stage

The analysis of variance for the variables assessed at the seedling stage (data not shown)
indicated a highly significant treatment effect for all measured variables, except root
volume. Seedling height was greater in plants grown in peat moss than in those rooted in
nutrient solution (Table 1 and Figure 6); no statistical differences were observed among the
remaining treatments. Table 1 also shows that root volume did not differ among treatments.
However, stem diameter, leaf area, and dry weight tended to increase in seedlings derived
from cuttings rooted in nutrient solution, including statistically significant differences

relative to the tezontle-only treatment. This response may be attributed to the fact that,

Table 1. Comparison of treatment means for rooting treatments in tomato seedlings (cv. Pai Pai).

Treatment Height (cm) Stem diameter | Leaf azrea Root vo;ume Dry weight
(mm) (cm”) (cm”) (8
Nutrient solution 18.8b 7.3 a 354.5a 5.1a 3.1a
Peat moss 24.5a 5.7b 251.1 ab 3.1la 2.0 ab
Fine red tezontle 19.6 ab 5.6b 207.2b 25a 1.7b
Tezontle + peat moss 22.6 ab 6.1 ab 269.6 ab 39a 2.3 ab
LSD 5.3 1.9 129.1 2.9 1.3

Values with the same letter within each column are equal according to Tukey’s test at a P<0.05. LSD=Least
significant difference.

Figure 6. Differences in seedling height as affected by treatment: (a) nutrient solution, (b) peat moss, (c) red
tezontle, and (d) tezontle + peat moss mixture.
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under nutrient-solution rooting, seedlings received a continuous supply of water and
nutrients, as well as adequate root-zone oxygen provided by the air pump. In contrast,
seedlings grown in tezontle may have experienced substrate compaction, which can impair
water and nutrient uptake and reduce aeration, as reported by Vargas-Tapia ¢t al. (2008),
Urrestarazu-Gavildn (2004), and Urrestarazu and Carrasco (2023).

The results indicate that the use of a nutrient solution and a 1:1 (v/v) mixture of fine
tezontle and peat moss are viable alternatives for rooting tomato cuttings, enabling the
production of high-quality seedlings at reduced costs, as reported by Abad et al. (2005)
and Lazcano-Bello ez al. (2021). Although peat moss provides high moisture retention and
adequate root-zone aeration, its high price reduces profitability for growers (Nava-Pérez
et al., 2019; Cheiri et al., 2018). In addition, its use has been associated with negative
environmental impacts (Muro et al., 2005; Fernandez-Bravo et al., 2006).

Variables evaluated at the reproductive stage

Analyses of variance for reproductive-stage variables (data not shown), together with
mean comparisons (Tables 2 and 3), indicated that none of the evaluated variables differed
significantly among treatments.

In absolute terms, the highest yield (2.5 kg) was obtained when cuttings were rooted in
the fine tezontle + peat moss mixture, corresponding to 17.5 kg m~%ina production cycle

lasting four months from transplanting to the end of harvest. Comparable yields have been

Table 2. Comparison of treatment means for rooting treatments in morphological variables evaluated in
tomato plants at the reproductive stage.

. Stem diameter | Leaf area index Plant width
Treatment Height (cm) 2 9
(mm) (m’ m?) (cm)

Nutrient solution 88.1a 144 a 3.6a 40.5 a
Peat moss 92.7 a 14.6 a 41a 41.8a
Fine red tezontle 92.3a 139 a 44a 424 a
Tezontle + peat moss 96.3 a 14.2 a 43a 44.3 a
LSD 11.1 2.2 0.9 4.7

Values with the same letter within each column are equal according to Tukey’s test at a P<0.05. LSD=Least
significant difference.

Table 3. Comparison of treatment means for rooting treatments in yield and its components in tomato

plants.

Treatment Number of Numb.er of Fruit weight Yield L

flowers fruits (g) (kg plant™ ")

Nutrient solution 20.0 a 19.1a 114.0 a 2.19a
Peat moss 19.5a 19.2a 123.8 a 2.33 a
Fine red tezontle 20.3 a 19.2a 112.3 a 2.16 a
Tezontle + peat moss 21.6a 209 a 1214 a 2.54a
LSD 3.0 2.8 20.1 0.45

Values with the same letter within each column are equal according to Tukey’s test at a P<0.05. LSD=Least
significant difference.
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reported by Sanchez-Del Castillo et al. (2021) and Moreno-Pérez et al. (2021) for tomato
plants established at high population densities using botanical seed propagation.

The results of this study suggest that the use of readily available substrates and the
implementation of nutrient solution as a rooting medium for tomato cuttings constitute an
economically viable option for tomato producers, while also facilitating crop management
under high plant-density systems.

CONCLUSIONS

Rooting tomato cuttings in nutrient solution or in a 1:1 (v/v) mixture of peat moss and
tezontle enables the production of high-quality seedlings at low cost, thereby providing a
feasible alternative for managing tomato crops at high population densities.
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ABSTRACT

Objective: To introduce and evaluate the performance of the Citlali and Ameyali potato varieties in
agroecologically managed home gardens within a rural community, compared to the Dutch variety Fianna.
Design/Methodology/Approach: A randomized block design was implemented, using home gardens
as experimental units. Three agricultural cycles were conducted: Cycle one (March-July 2022), cycle two
(October-December 2022), and cycle three (June-September 2023).

Results: No significant differences were found in fresh tuber weight per plant among the varieties tested. In
the first cycle, yields from Ameyali and Citlali did not differ significantly. However, in cycles two and three,
statistically significant differences were observed. Yields decreased in Citlali and Fianna during these cycles
due to damage caused by late blight, which affected both foliage and tubers. In contrast, Ameyali demonstrated
greater tolerance to late blight.

Findings/Conclusions: Potato production in agroecologically managed home gardens is feasible for small-
scale producers in San Antonio Acahualco, Zinacantepec, particularly when using varieties tolerant to late
blight (Phytophthora infestans) and Bactericera cockerelli.

Keywords: variety, home gardens, agroecology, late blight, potato

INTRODUCTION

Home gardens are agricultural ecosystems located near households, where ecological,
agronomic, cultural, and social processes converge (Santana et al., 2015; Rivas, 2014).
These systems enable crop production tailored to the living conditions and needs of each
family (Chablé et al., 2015), while also providing opportunities to generate additional
income through the sale of surplus vegetables (Nicholls et al., 2019). Furthermore, they

serve as refuges for wild plant species that have disappeared from their natural habitats
(White et al., 2014). The potato (Solanum tuberosum L.) is native to the Andes and has been
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cultivated for over 7,000 years (Romdn ez al., 2015). It is one of the world’s most important
food crops, following rice, maize, and wheat (Zhang et al., 2017). Potato cultivation is
vulnerable to both biotic and abiotic factors that can reduce yields and compromise
product quality (Dahal et al., 2019; Mohanta et al., 2017). The most significant disease
affecting potato crops globally is late blight, caused by the oomycete Phytophthora
infestans, which can devastate entire fields within days if not properly managed, resulting
in substantial economic losses (Fry ez al., 2015; Lenman et al., 2016). Commercial potato
varieties typically have a vegetative cycle ranging from 90 to 160 days. In Mexico, the
most commonly cultivated varieties for fresh consumption include Fianna, Orquesta,
Caesar, and Ambra, among others. The National Institute of Forestry, Agricultural
and Livestock Research (INIFAP) has released several varieties with resistance and/or
tolerance to late blight (Phytophthora infestans) and potato psyllid (Bactericera cockerelli),
with industrial-grade quality and smooth skins suitable for washing. These varieties
contain 19-21% dry matter and include Citlali and Ameyali, which offer yields between
50 and 70 tons per hectare. They are adaptable to altitudes ranging from 50 to 3,400
meters above sea level and are suitable for cultivation across all recommended potato-
producing regions of the country, during both spring-summer and autumn-winter cycles
(Gonzilez et al., 2021).

MATERIALS AND METHODS

The present study was conducted in the community of San Antonio Acahualco,
municipality of Zinacantepec, Mexico (19° 17°00” N latitude and 99° 44° 00” W longitude).
The prevailing climate is temperate sub-humid. The area is dominated by Andosol,
Cambisol, Phaeozem, and Regosol soils. Land use in the region is primarily for seasonal

rainfed agriculture. The main crops are grain and forage maize, potatoes, fava beans, and

peas (SEDUI, 2024).

Experimental design

A randomized block design was implemented, with each block corresponding to a home
garden (60 m? area, 5 m wide X 12 m long). The blocks belonged to female producers from
the community of San Antonio Acahualco. The research employed both qualitative and
quantitative methods, under technical guidance, and was carried out through exploratory
and descriptive analysis. Three agricultural cycles of potato cultivation were conducted:
cycle one from March to July 2022; cycle two from October to December 2022; and
cycle three from June to September 2023. In each cycle and block, random sampling
was performed by selecting five plants per variety, considering the following variables: a)
physicochemical analysis of the manure used in each block (in cycle two); b) fresh tuber
weight; ¢) number of tubers per plant; and d) quantification of damage caused by climate,
diseases, and pests. An analysis of variance and mean comparison among blocks and
varieties was conducted using the Tukey test (p=<0.03), at a 5% significance level, with the
InfoStat software, version 2008 (D1 Rienzo et al., 2010). For the qualitative variables, only
a description of climate damage, disease symptoms, pest infestation on plants, and tuber

damage was performed.
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The activities carried out included 1) land leveling; 2) design and preparation of
planting beds; 3) disinfection and planting of seed tubers; 4) soil fertilization using the
manure available to each producer; 5) foliar fertilization with biofertilizers; 6) pest and
disease control using plant extracts and mineral broths; 7) irrigation; 8) sampling and
9) harvesting. The experiment was conducted under an agroecological management
approach, considering the interaction of potato crops with other vegetables (leafy, root,
bulb, flower, and fruit types) and some medicinal plants.

The genetic material used as seed was provided by INIFAP, consisting of the Citlali
and Ameyali potato varieties, as well as the Fianna variety used as a control, which is
the most widely cultivated in Mexico. Table 1 shows the amount of manure used in each
block, which was applied in two stages: the first at planting, and the second 20 days
after the emergence of the seed tuber. Crop nutrition was complemented with foliar
applications of biofertilizers three times per week (manure tea at 20 mL L™ L supermagro
at 20 mL L™! during the vegetative stage; and banana peel tea at 20 mL L during the
tuber filling stage).

Agroecological management in this study aimed to minimize the impact on the territory
and on the animal and plant species present in the home gardens, while promoting more
efficient use of natural resources. The incorporation of various organic sources contributed
to increased yield and preservation of ancestral agricultural practices, while also improving
the physical, chemical, and biological properties of the soil (Alaluna & Villagarcia, 2000;
Bolo et al., 2020).

RESULTS AND DISCUSSION
Physicochemical analysis of the manure

In the second cycle, a one-kilogram sample of the manure used for plant fertilization
was collected from each block. All samples were sent to the Soil Science Laboratory of
the Faculty of Agricultural Sciences at UAEMEX, Toluca, State of Mexico, where
physicochemical analyses were performed. Table 2 shows the differences in the nutritional
content of the manures applied across the blocks.

Nitrate content in Blocks I and III was three times higher than in Blocks II and IV.
Nitrate availability helps maintain a functional leaf area for a longer period, directly

enhancing photosynthetic activity and promoting the translocation of photoassimilates to

Table 1.
S T . Total amount of manure m >
oc e of manure
P Cycle 1 Cycle 2 Cycle 3
1 Bovine manure 100 % 7.0 kg m™2 14 kg m~2 6.6 kg m™?
Manure: sheep 60 %, poultry 30 % and —9 —9
11 rabbit 10 %. 5.2kgm 10.8 kg m -
. H 0, 0,
111 ﬁi?;rzobgvme 30%, sheep 30% and 110 Sy =2 | 107kgm™? | 9.0kgm™2
0.
- . e 3 0, S [V
v Il;/iziligul{g :dbblt 20 %, sheep 70 % and 4 kg m lincar 6.95¢ -2 6.5 kg 2
0.
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Table 2.

Physicochemical Parameter Block I Block I1 Block III Block IV
Organic Matter (%) 24.96 30.42 23.40 23.40
pH 9.85 10.50 8.50 8.70
Electrical Conductivity (dS/m) 0.27 0.73 0.22 0.30
Apparent Density (g/cm?) 1.12 1.75 1.30 1.60
Nitrates (ppm) 5.488 1.392 6.192 2.336
Phosphorus (ppm) 576.03 922.74 851.76 958.23
Potassium (ppm) 7,878 2,067 4,173 7,956
Calcium (ppm) 3,064 3,098 3,098 3,098
Magnesium (ppm) 292.50 163.80 287.04 366.60
Aluminum (ppm) 156,000 23,400 43,920 135,720

Note: pH=potential of hydrogen; E.C.=electrical conductivity; A.D.=apparent density; Mg=magnesium;
P=phosphorus; K=potassium; Ga=calcium; Al=aluminum; ppm=parts per million.

storage organs (Ghemam et al., 2016). In contrast, Block I had the lowest phosphorus
content, with 576.03 ppm equivalent to only 60% of the value found in Block IV, which
had the highest concentration and was considered as 100%. Regarding potassium, Blocks
I and IV showed higher concentrations, exceeding 7,000 ppm, while Blocks II and III
recorded significantly lower levels, representing only 25.9% and 52.5% of the highest value,

respectively.

Fresh tuber weight per plant

In the first cycle, no statistically significant differences were found between the means
of the Ameyali and Citlali varieties. However, Citlali had the highest average fresh tuber
weight, with 493.25 g per plant, compared to Ameyali (Figure 1). In the second cycle,
where Ameyali and the control variety Fianna were evaluated, a significant difference was

observed between their means. Fianna had a higher average weight (301.7 g per plant),

__ 600
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~§‘400
= 300
(7]
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g 0
Cycle 1 Cycle 2 Cycle 3
Potato varietyes
ECycle 1 Ameyali BCycle 1 Citlali ECycle 2 Ameyali
B Cycle 2 Fianna BCycle 3 Ameyali BCycle 3 Citlali

Figure 1. Mean comparison of fresh tuber weight for the Ameyali, Citlali, and Dutch variety Fianna in home
gardens of San Antonio Acahualco, Zinacantepec. Means followed by the same letter are not statistically
different (Tukey, p=<0.05).
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which was attributed to frost damage affecting more than 80% of Ameyali plants. In the
third cycle, no statistically significant differences were found among varieties; however,
Ameyali showed a higher average weight (432.44 g per plant) than Citlali and Fianna.
During this cycle, all three varieties were affected by late blight, which caused damage to

both plants and tubers, with Ameyali demonstrating greater tolerance to the disease.

Total number of tubers per plant

As shown in Figure 2, in the first cycle there was no statistically significant difference
between the means of the Ameyali and Citlali varieties. However, Citlali stood out with an
average of 12 tubers per plant. In the second cycle, a significant difference was observed
between Ameyali and Fianna, with averages of 8 and 10 tubers per plant, respectively. In
the third cycle, statistically significant differences were observed among Ameyali, Citlali,
and Fianna. Although Citlali and Iianna produced a higher number of tubers, these were
of lower weight. The smaller tuber size was attributed to damage caused by late blight,
which affected plant health and led to premature death, preventing the completion of the

vegetative cycle..

Quantification of damage caused by climate, diseases, and pests

During all three cultivation cycles, a diagnosis was conducted as part of the technical
assistance, evaluating damage caused by frost and rainfall, plant and tuber diseases, and
pest infestations. Damage was classified into three categories: severe, minor, and absent. In
the first cycle, pest problems were observed, including whiteflies, aphids, and cutworms,
as well as damage caused by Spongospora subterranea. The latter was classified as severe, as
it affected a large portion of the tubers in both the Citlali and Ameyali varieties (Table 3).

In the second cycle, whiteflies, aphids, leathoppers, and cutworms were recorded. Block
I experienced damage from late blight, frost, and pocket gophers, affecting 17 Ameyali
plants. In Block III, Ameyali was also affected by frost. In the third cycle, all blocks were
affected by late blight. The Iianna variety (control) showed 100% damage, while Ameyali
showed 16% of damaged plants, and Citlali showed 20%. During cycles two and three,

__600
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=
-§‘ 400
= 300
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E 100
Ameyali Citlali Ameyali Fianna Ameyali Citlali = Fianna
Cycle 1 Cycle 2 Cycle 3
Potato varietyes
B Cycle 1 Ameyali @Cycle 1 Citlali = Cycle 2 Ameyali
@ Cycle 2 Fianna BCycle 3 Ameyali @Cycle 3 Citlali

Figure 2. Total number of tubers per plant across three vegetative cycles in backyard gardens (blocks).
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Table 3.
i Pests Diseases i
Vegatative Variety Block Environmental
cycle 1 2 3 4 5 factors
I ++ - - ++ - -
1l ++ ++ - ++ - -
Ameyali
11 ++ ++ - ++ - -
v - ++ - ++ ++ ++
Cycle 1
I - ++ - ++ - -
Il ++ + - ++ - -
Citlali
111 ++ - - ++ - -
v - ++ - ++ - ++
I ++ ++ - + ++ +
. Il ++ - - + - ++
Ameyali
111 + - + + + -
v - - - + - -
Cycle 2
I ++ ++ - + + -
11 + - - - ++ +
Fianna
111 + - + + - -
v + - - + - -
I ++ ++ + + + +
) II - - - - - -
Ameyali
111 - - + + + +
v ++ ++ ++ + ++ ++
I ++ ++ + + ++ ++
II - - - - — -
Cycle 3 Citlali
111 - - + + + -
v ++ ++ ++ ++ ++ ++
I ++ ++ + + ++ ++
II - - - - - -
Fianna
111 - - + + ++ ++
v ++ ++ ++ + ++ ++

++ =Major damege; + =Average damage; — =No damage. Pests: 1 =Aphip; 2=White fly and 3=Choppers.

Diseases: 4=Subterranean Spongospora and 5=late blight.

weekly applications of silico-sulfo-calcium broth (an insecticide-fungicide-nutrient solution)

were made to the soil to control Spongospora subterranea. As a result, disease incidence was

reduced, with symptoms appearing only as small spots, and typically affecting no more

than one or two tubers per plant.

In the second and third cycles, the presence of late blight was observed in the Citlali

and Fianna varieties, affecting both plants and tubers, which resulted in decreased yields.

In contrast, the Ameyali variety demonstrated resistance to the disease, with only partial
damage to the plant. According to Niks ez al. (2019), Gabriel et al. (2016), Moncayo et al.
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(2019), and Rubio ez al. (2016), effective pest and disease prevention and control throughout
the crop cycle reduces yield losses. In addition, genetic resistance is considered an active

plant defense mechanism in crop management.

CONCLUSIONS

The women producers involved in this study recognized that the Ameyali variety
developed by INIFAP delivered better yields compared to the Citlali variety. Both varieties
were noted for their tuber quality, particularly in terms of taste, color, and suitability for
food processing. Ameyali exhibited resistance to late blight and potato purple top wilt,
despite the challenges posed by seasonal changes. However, the control variety Fianna was
significantly affected by late blight, which compromised its yields.
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ABSTRACT

Objective: to analyze the impact of innovations on the productivity of pitahaya cultivation in the state of
Puebla, Mexico.

Design/Methodology/Approach: twenty-six pitahaya producers were surveyed in seven municipalities of
Puebla. The profiles of producers were analyzed in terms of education and age. Thirty activities that influence
crop productivity were evaluated, and the innovation adoption indices (InAl) and innovation adoption rates
(IAR) were calculated.

Results: the average IAR (innovation adoption rate) is below 40%. The application of organic matter as a soil
amendment is the most widely adopted practice, while management and financial record-keeping are areas
that producers have neglected. Crucial activities for improving productivity that producers should implement
were identified, such as post-harvest fruit handling, pollination management, and genetic management. Our
results suggest that these activities may be poorly executed.

Limitations/Implications of the study: the low availability of time of the producers and the large size of the
area, generate difficulties for face surveys or more extent and frequent field visits.

Findings/Conclusions: a trend was found, although not universal, indicating that higher InAl is associated
with higher crop yield. Therefore, the correct implementation of innovative activities is crucial for improving

yield.

Keywords: innovation adoption index, innovation adoption rate, indexes, productivity, pitahaya, nutraceutical

fruits.

INTRODUCTION
Dragon fruit (Hylocereus undatus), called pitahaya in Mexico, is an exotic fruit with sweet
pulp that has gained popularity in international markets in recent decades, due to its flavor

and nutraceutical contributions (Ramirez, 2007).
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In Mexico, pitahaya cultivation has experienced a notable increase in production,
as observed in the state of Puebla (ASERCA, 2000). This phenomenon is largely due
to innovations in cultivation techniques and agricultural management, which have
significantly contributed to improving the quality and quantity of the fruit in this region
(Ortiz-Hernandez, 2000; Nerd et al., 2002; Santacruz-Vazquez et al., 2009).

Puebla, a state located in central Mexico, offers ideal climatic and geographic
conditions for dragon fruit cultivation (Valiente-Banuet ez al., 2007). Warm temperatures
and moderate altitude provide a favorable environment for the development of this species,
which has fostered steady growth in dragon fruit production in the region (SIACON, 2023).
Furthermore, cultivation techniques and agricultural practices have evolved significantly
over the years (Meraz-Alvarado et al., 2003).

This study aimed to investigate and analyze in depth the influence of various innovations
in agricultural management on the productivity of dragon fruit cultivation in Puebla.
Advances in cultivation techniques, pest and disease management, irrigation systems,
fertilization, and harvesting practices, among other relevant aspects, were examined.
Through this analysis we intend not only to document the progress made in dragon fruit
cultivation in the region, but also to understand the role these innovations have played in
this crop expansion and consolidation as a strategic agricultural activity.

Furthermore, we seek to highlight the relevance of dragon fruit as a crop with high
potential to contribute to the sustainable development of agriculture in Puebla and to
generate new economic opportunities in other parts of the country. For all the above, the
objective was to analyze the impact of innovations on the productivity of dragon fruit

cultivation in the state of Puebla, Mexico.

MATERIALS AND METHODS

An environmental analysis was conducted to identify the largest and most productive
areas for this crop in the state of Puebla. The information sources consulted for this analysis
belong to institutions, universities, and research centers such as USDA (2022), SIACON
(2023), and INIFAP (2023).

The methodology was based on the recommendations made by Brandenburger and
Nalebuff adapted by Mufioz & Santoyo (2011), starting with the design of a baseline
survey that included categories of personal data and some details of the activity, such as
the influence it has on their income and the time they have managed this crop; questions
related to the dynamics of sales and the different technologies they implement in the
cultivation systems were included.

Twenty-six dragon fruit producers from seven municipalities in the state of Puebla were
interviewed. The ‘snowball’ sampling method proposed by Goodman (1961) was used.
The baseline survey focused on 36 basic activities for optimal crop development, classified
into seven categories: nutrition, health, reproduction, establishing and management of
plantations, types of trellising systems, administration, harvesting, and post-harvest handling.

Once the information was systematized, the values of the innovation adoption index
(InAl) and the innovation adoption rate (IAR) were determined using the methodology of
Muioz et al. (2007) with the following equations:
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Innov .
_ &= 7k
InAl = -

where: InAl, is the innovation adoption index of the i-th producer in the £-th category;
Innovy is the presence of one innovation of the k-th category in the management of a j-th
producer; 7 is the total number of innovations in the £-th category.

Number of producers adopting the X innovation

IAR= X100

Total number of innovations

where: IAR is the innovation adoption rate, which is equal to the number of producers
adopting the X innovation divided by the total of interviewed producers that adopt
innnovation, then this quotient is multiplied by 100 to get the value in percentage. These
values were proposed to determine the innovative capacity of producers by quantifying the
number of practices implemented by one producer at a given time, in regard to the total

number of practices that must be done to achieve efficiency.

Graphs were prepared to allow comparisons and analysis of trends and behaviors
presented by the parameters of the research, based on the information collected in the

surveys.

RESULTS AND DISCUSSION

The implementation of 30 activities was evaluated, which influenced crop productivity
of dragon fruit. The information obtained shows that the surveyed producers have varied
profiles. The highest level of education is doctorate, but junior-high education accounts for
the majority of respondents (26). The average age of producers is 42 years. Regarding the
innovation adoption index, InAl values ranged from 0.15 to 0.7, with an average of 0.37
for this index (Figure 1).

In the innovation adoption rate (Figure 2), the overall IAR average was below 40%.
The practice with the highest adoption rate is the incorporation of organic matter into the

_ = InAl = InAl average
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Figure 1. Innovation adoption index (InAl) for each of the producers interviewed in the state of Puebla,

Mexico. Eje X: Producer; Eje Y: InAl; Legend: InAl, InAl average
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Figure 2. Innovation adoption rates (IAR) of 26 producers of dragon fruit (Hylocereus undatus) in the state of
Puebla, Mexico. Eje X: Innovations evaluated; Eje Y: IAR of the producers.

soil, while key activities such as agricultural management, financial and administration
record-keeping are completely neglected by all the producers (100%).

The analysis made it possible to identify fundamental practices to address persistent
problems in the production system, including the proper handling of ripe fruit on the plant
to avoid damage by birds, an efficient pollination system, and germplasm management.
All of which are aimed at improving productivity and strengthening an integrated pest and
disease control.

Regarding these three critical areas, although all producers claim to be taking steps to
address them, the results we obtained are varied. This suggests that, while there is a general
awareness of the importance of these aspects, many producers may lack the necessary
technical information to implement them correctly; this leads to variability in the levels of
productivity achieved.

For the group of producers interviewed, results show an overall trend in which a higher
innovation adoption index (InAl) is associated with increased crop yield. However, cases
were also identified where this relationship was not consistently observed (Figure 3). This
situation suggests that, although producers may implement innovative practices, these may
not be executed properly, limiting their effectiveness and preventing them from generating
a positive impact on dragon fruit yield.

Based on the InAl values related to the different innovation categories, reclassified by
municipality (Figure 4 and Figure 5), we observed that even though 96% of producers
reported taking action on crop nutrition, those with the best yield results focused their
innovations on nutrition (Figure 4). These improvements were achieved throughout
management, through technical assistance, soil analysis, and organic and chemical-based
nutrition. Whereas, producers with low yields mentioned that they added organic matter
only at the time of planting.

Lira (2011) evaluated the effect of different organic fertilizers and nutrient solutions
on dragon fruit plant growth, obtaining significant effects on its vegetative development.
According to the graph curves, in these municipalities it is also necessary to address plant

health (Figure 5), focusing on integrated pest and disease management. It is key, as well,
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Figure 4. Innovation Adoption Index (InAl) by innovation category of the most outstanding municipalities in
dragon fruit (Hylocereus undatus) yield in the state of Puebla, Mexico.
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Figure 5. Innovation Adoption Index (InAl) by innovation category of the least outstanding municipalities in
dragon fruit (Hylocereus undatus) production in the state of Puebla, Mexico.
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to improve trellising systems for optimal pruning practices; also for sanitation pruning and
pruning to increase number of fruits.

Alongside to the data obtained in the analysis, the surveys applied allowed us obtaining
comments from producers that suggest apathy towards receiving technical knowledge
that would support them in the development of the innovation categories determined
in this analysis as keys for the development of crop yield. These issues on attitudes are
important, since failures in technical knowledge tend to limit the appropriate adoption of

the innovations.

CONCLUSIONS

The results indicate that dragon fruit yield among the interviewed producers does not
depend solely on the number of innovations adopted. Since adopting innovative practices
alone does not guarantee an increased yield. Moreover, type of innovation and proper
implementation were the determining factors.

Innovations with the greatest impact are those that focused on key aspects such as crop
nutrition, pest & disease control practices, and improvement of trellising systems; these
aspects directly affect production efficiency and sustainability of this agricultural crop.
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ABSTRACT

Objective: To evaluate changes in firmness, total phenol content, chlorophylls, carotenoid profile and
antioxidant capacity in the pulp of two avocado cultivars and one genotype at different storage temperatures.

Design/methodology/approach: Avocado fruits were divided into two groups. One group of avocado
fruit was stored at 20 °C for eight days, while the second group was stored at 2 °C for 21 days, followed by
two additional days at 20 °C to allow ripening. Firmness, total phenols, antioxidant capacity, pigments, and
carotenoid profile were determined in the pulp after the storage period.

Results: Avocado fruit on cold storage continued the normal ripening process; however, quality deterioration
occurred more rapidly than in fruit stored at 20 °C.

Findings/conclusions: During cold storage, flesh firmness of the cultivars (Colin V33 and Hass) and genotype
(Oaxaca-7) was not affected. However, once they were transferred to ripening temperature (20 °C), their shelf
life was reduced to two days, leading to a rapid deterioration of pulp quality. This deterioration occurred
because the contents of phenols, chlorophylls, and carotenoids decreased significantly, thereby affecting the
antioxidant activity of the avocado fruits under study, as well as the nutraceutical value provided by chlorophylls
and carotenoids, specifically lutein.

Keywords: Persea americana Mill., carotenoids, antioxidant capacity, firmness, total phenol content.

INTRODUCTION
Chilling injury in avocado fruits is one of the main problems associated with storage
under refrigeration conditions. It is characterized by epicarp spotting, pulp browning, and

abnormalities in the ripening process when fruits are exposed to critical temperatures that
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induce these physiological alterations (Wang et al., 2012). The response to refrigeration
temperatures may differ among cultivars and genotypes due to antioxidant capacity, which
1s determined by the content of phenolic compounds and carotenoids (Bertiling et al., 2007;
Lu et al., 2009).

Phenolic compounds are produced during the secondary metabolism of plants and are
associated with the color, flavor, and antioxidant capacity of horticultural products (Sultana
and Anwar, 2008). They occur in a wide range of structures, either as free phenolic acids or
bound to other molecules such as sugars, or they may be polymerized into more complex
structures, including flavonoids, anthocyanins, tannins, and lignins. Furthermore, due to
their antioxidant capacity and their relationship with human health, phenolic compounds
are considered nutraceutical compounds (Naczk and Shahidi, 2006). Carotenoids are
natural pigments that perform essential functions and provide important nutritional
benefits to human health, especially - and f-carotenes and S-cryptoxanthin, which are
precursors of vitamin A, retinol, and retinoic acid (Fraser and Bramley, 2004; Krinsky
et al., 1994). In plants, carotenoids regulate photosynthesis and prevent photooxidative
damage by scavenging free radicals and quenching harmful triplet chlorophyll molecules,
thereby inhibiting the generation of singlet oxygen, which limits damage to membranes
and proteins (DellaPenna and Pogson, 2006). The presence of carotenoids in fruits provides
protection against adverse environmental conditions caused by temperature (high or low),
by conferring stability to membrane lipids. In addition, their antioxidant capacity exerts
a protective effect on fruit tissues against different types of stress (Lado et al., 2016a). In
various fruits, during the ripening process, the content and composition of carotenoids
in the pulp and peel are modified, depending on the species, cultivar, and postharvest
handling conditions (Alquézar et al., 2008; Lado et al., 2016b).

In postharvest conditions, during cold storage, avocado fruit may exhibit sensitivity to
chilling injury due to its tropical and subtropical origin. Such damage is mainly manifested
by different types of pulp discoloration, including internal browning and darkening of
vascular bundles (Whiley et al., 2002). However, susceptibility to chilling injury depends on
the cultivar, tissue type, structural components, bioactive compound content, production
technology, and postharvest handling, among other factors (Wang et al., 2010). In avocado
pulp, the carotenoids present in the highest proportion include lutein, neoxanthin, and
p-carotene, which contribute to the protective system by scavenging reactive oxygen
species (ROS) generated as a secondary response to chilling injury (Lado et al., 2016a). The
objective of this research was to determine changes in firmness, total phenolic content,
chlorophylls, carotenoid profile, and antioxidant capacity in the pulp of two avocado

cultivars and one genotype stored at different temperatures.

MATERIALS AND METHODS
Plant material

Fruits from two avocado cultivars (Persea americana Mill.), Hass (35.24+0.62% dry
matter) and Colin V-33 (34.10+0.46% dry matter), as well as from the genotype identified
as Oaxaca-7 (26.89+0.44% dry matter), were harvested at the “La Cruz” Experimental
Center, belonging to the Salvador Sdnchez Colin Foundation (CICTAMEX, S. C.), located
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in the municipality of Coatepec Harinas, State of Mexico, Mexico, between 18° 48’ and
19° 05’ N latitude and 99° 43’ and 99° 54° W longitude, at an altitude of 2,260 m.

Treatments

One group of fruits was stored at 202 °C to allow ripening, while another group was
kept under cold storage (21 °C) for 21 days and subsequently transferred to 20x2 °C.
Fruits directly exposed to ripening conditions were analyzed one day after harvest and after
eight days of storage. Fruits stored under refrigeration temperature were analyzed at the
end of the cold storage period and after two days of exposure to 20£2 °C.

Response variables

Pulp firmness, total phenolic content, total chlorophyll and carotenoid content,
antioxidant capacity, and carotenoid profile were evaluated. Pulp firmness (IN) was
measured using a Chatillon texture analyzer equipped with a Wagner Force Five sensor
model FDV-30, and a 7-mm conical probe. For this purpose, the peel was removed from the
equatorial region of the fruit, and the force required to penetrate the pulp was determined.

For the quantification of total phenols, extraction was performed using 500 mg of
freeze-dried pulp, to which 10 mL of a methanol-water solution (8:2, v/v) was added.
Each sample was then allowed to stand for 24 h at 4 °C. Total phenolic content was
determined according to the method proposed by Pio-Leén et al. (2012), with some
modifications. Briefly, to a 200-uL aliquot of each extract, the following reagents were
added in order: 2.5 mL of distilled water, 100 uL. of Folin-Ciocalteu reagent diluted
with water (1:1, v/v), and 200 uL. of Na,COj4 solution in water (2:8, w/v). Subsequently,
samples were incubated in the dark for 30 min, and absorbance was measured at 765
nm using a digital spectrophotometer (GENESYS 10V, Thermo Electron Corporation).
Results were obtained using a calibration curve and expressed as mg of gallic acid per
100 g of dry weight (mg GA 100 g_1 DW).

For pigment extraction (chlorophylls and total carotenoids), the methodology proposed
by Rodrigo et al. (2004) was followed with some modifications. Briefly, 600-700 mg of
freeze-dried pulp was mixed with 3.0 mL of Milli-Q) water and allowed to stand for 10
min. Subsequently, 4.0 mL of methanol and 8.0 mL of dichloromethane were added. The
mixture was vortexed for a few seconds and then placed in an ultrasonic bath for 5 min at
room temperature. Afterwards, samples were centrifuged at 4,500 rpm for 10 min at 4 °C
to separate the liquid and solid phases. The lower phase (organic phase) was recovered, and
the addition of dichloromethane was repeated until complete discoloration was achieved.
Finally, dichloromethane was evaporated using a rotary evaporator (water bath at 30 °C),
obtaining the chlorophyll and carotenoid concentrate (dry sample).

Chlorophyll content (a, b, and total) was quantified according to the method proposed
by Rodrigo et al. (2004). For this purpose, an aliquot of the dried extract was dissolved in
0.5 mL of dichloromethane, 300 uL. of acetone, and 4.2 mL of a petroleum ether-ethyl
ether solution in a 9:1 (v/v) ratio (solution A). The mixture was then vortexed and brought
to a known final volume. Absorbance measurements were subsequently performed using

a spectrophotometer (Thermo Scientific Multiskan Spectrum) at 644, 662, and 760 nm,
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respectively. Results were expressed as g g_l dry weight (ug g_1 DW). Subsequently, the
extract was concentrated using a rotary evaporator at 30 °C to determine total carotenoid
content, following the method proposed by Rodrigo ez al. (2003) with some modifications.
Briefly, 1.0 mL of dichloromethane and 5.2 mL of methanol were added to the dried
sample, and the volume was adjusted to 8.0 mL. Then, 1.0 mL of potassium hydroxide
solution (6:4, w/v) was added, the mixture was vigorously shaken, and allowed to stand
for 12 h to promote the saponification reaction. Afterwards, 2.0 mL of Milli-Q) water
and 6.0 mL of solution A were added. The mixture was vortexed vigorously and left to
stand. The upper phase was recovered, and the procedure was repeated until the phase
became colorless. Finally, the extract was brought to a known final volume with solution A,
and absorbance was measured using a spectrophotometer (Thermo Scientific Multiskan
Spectrum) at 450 and 540 nm, using an extinction coefficient for -carotene of E1%=2500.
Data were expressed as ug f-carotene g_1 dry weight (ug f-carotene g_1 DW).

For carotenoid profiling, samples were dried under a nitrogen stream, 15 mL of acetone
was added, and they were stored at —80 °C for 24 h. Subsequently, samples were centrifuged
at 4,500 rpm for 10 min at 4 °C, and the supernatant was recovered. The extract was then
evaporated to dryness under an N atmosphere and stored at —20 °C until analysis.

Individual carotenoid composition was analyzed by high-performance liquid
chromatography (HPLC) using a Waters liquid chromatography system equipped with a
600E pump, coupled to a photodiode array detector (model 2998) and Empower software
(Waters).

A (C30 carotenoid column (250X4.6 mm, 5 um) coupled to a G30 guard column
(20X4.0 mm, 5 um) was used (YMC Europe GmbH). Samples were dissolved in a
chloroform:methanol:acetone mixture (3:2:1, v/v/v), and carotenoid separation was
performed using an elution gradient composed of methanol (MeOH), water, and methyl
tert-butyl ether MTBE). A chromatogram was obtained for each run, in which carotenoid
peaks were identified by their maximum wavelength, and their concentrations were
calculated using calibration curves for violaxanthin, neoxanthin, luteoxanthin, lutein,
antheraxanthin, S-cryptoxanthin, and a- and f-carotene. Three replicates were performed
for each analytical determination. The entire procedure was carried out under dim light
conditions to prevent pigment degradation. Concentrations were expressed as (g g_1 dry
weight (ug g~' DW).

Total antioxidant capacity was determined using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) and FRAP (Ferric Reducing Antioxidant Power) methods. For both assays,
an extract was prepared from 50 mg of freeze-dried pulp by adding 4 mL of a methanol-
water solution (8:2, v/v). The mixture was then centrifuged at 4,500 rpm for 15 min at
4 °C. Subsequently, the supernatant was collected in a graduated tube to quantify the
volume and stored at —20 °C until analysis.

For quantification using the DPPH method, the procedure proposed by Brand-Williams
et al. (1995) was followed with some modifications. Briefly, 3.9 mg of DPPH was dissolved
in 100 mL of methanol-water (8:2, v/v). In a polyurethane microplate, 10 uL of the sample
extract and 290 uL of the DPPH solution were added. After loading the plate, samples

were incubated for 30 min in the dark at room temperature. Absorbance was measured at
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512 nm using 300 uL. of methanol-water (8:2, v/v) as the blank. A calibration curve was
prepared using different concentrations of ascorbic acid, and results were expressed as ug
of ascorbic acid per g of pulp on a dry weight basis (ug AAs g_l DW).

The FRAP assay was based on the methodology developed by Benzie and Strain
(1996), with modifications. A 10 mM TPTZ solution (2,4,6-tri(2-pyridyl)-1,3,5-triazine)
was prepared according to the following procedure: a 40 mM HCI solution was prepared
(1.46 mL of HCl in 1.0 L of water at room temperature), and 0.31 g of TPTZ was dissolved
in 100 mL of this solution, heating in a water bath at 50 °C. On the other hand, a 300 mM
acetate buffer solution at pH 3.6 was prepared by mixing 3.1 g of sodium acetate and 16
mL of glacial acetic acid in 100 mL of water. In addition, a 20 mM ferric chloride solution
was prepared by dissolving 0.135 g in 25 mL of water.

The above solutions were mixed in a 1:10:1 (v/v/v) ratio to form the FRAP reagent,
which was placed in a water bath at 37 °C for 10 min. Afterwards, the microplate was
loaded by adding 40 uL of the sample extract and 260 uL. of the FRAP reagent. Once
the plate was prepared, it was incubated for 30 min in the dark at 37 °C. Absorbance was
measured at 570 nm, using methanol-water (80:20, v/v) as the blank. Results were obtained

from a calibration curve and expressed as ug of ascorbic acid per g of pulp on a dry weight

basis (ug AAs g~ DW).

Data analysis

Data were analyzed using analysis of variance (ANOVA) under a completely randomized
design, and mean comparisons were performed using Tukey’s test (¢=0.05). The analysis
was conducted using the statistical package SAS System for Windows version 9.0. Each
fruit was considered an experimental unit, and three replicates were performed for all
variables.

RESULTS AND DISCUSSION

After eight days of storage at 20%2 °C, a significant difference (p<0.05) was found
in the pulp firmness of the avocado fruits studied compared with the initial condition
(Table 1), with a firmness loss greater than 93% in the three evaluated materials. Likewise,
a significant difference (p<0.05) was observed in the firmness of fruits from the Hass
and Colin V33 cultivars stored under refrigeration conditions, showing a decrease of
approximately 30% after removal from storage. However, after two days under ripening
conditions, a firmness loss greater than 94% was observed in both cultivars. In contrast,
firmness in the Oaxaca-7 genotype showed a reduction of 93.5% at the end of cold storage
and 95.9% after two days of ripening (Table 2).

The loss of firmness reflected the typical softening of avocado pulp associated with
the progression of fruit ripening. This process is related to modifications in the chemical
structure of the polymers that make up the cell wall, mainly pectic substances and cellulose,
which are degraded due to increased activity of the enzymes pectin methylesterase,
polygalacturonase, and cellulases (Arévalo-Galarza et al., 2002; Blakey et al., 2014). The
pattern of firmness loss during ripening suggests that this process in fruits exposed to
refrigeration conditions proceeded normally with respect to this variable.
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Table 1. Changes in firmness, total phenolic content, and antioxidant capacity (DPPH and FRAP) in the

pulp of avocado fruits (Persea americana Mill.) stored at 201 °C for eight days.

Variable Cultivar 0 days 8 days
Hass 29.12+2.07° 0.79+0.17"
(Fli]r)m“ess Colin V-33 23.85+2.66° 0.29+0.08"
Oaxaca-7* 16.54%0.53" 1.00+0.28"
Hass 1040.72+125.15" 3313.33+171.59*
Total phenolic content , - N b
(GA mg g_] DW) Colin V-33 1238.86+58.87 1098.73+63.08
Oaxaca-7 1099.08+61.82" 1331.44+126.35*
Hass 1350.71%19.18" 2736.26+72.68%
DPPH antioxidant capacity , —a - a
(AA g g_l DW) Colin V-33 694.39+70.35 753.58+16.2
Oaxaca-7 1341.24+80.59" 1798.30+83.04%
Hass 375.25+6.22" 656.61+31.13*
Ferric Reducing Antioxidant , 2 b
_ +
Power (ig AAs g_l DW) Colin V-33 698.61£19.98 498.91x11.47
Oaxaca-7 876.97+12.47% 813.97+21.36"

*Genotype. DW: dry weight; DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric Reducing Antioxidant
Power; AA: ascorbic acid. Means followed by the same letter within each row are not significantly different

(@=0.05). Values are presented as mean+SD, n=3.

Table 2. Changes in firmness, total phenolic content, and antioxidant capacity (DPPH and FRAP) in the pulp of avocado fruits (Persea americana
Mill.) stored at 2+ 1 °C for 21 days, followed by two days at 20+2 °C.

Storage/ripening time
Variable Cultivar
0 days 21 days 23 days

Hass 29.12+2.07% 19.68+1.21° 1.65+0.49°
(Fl\l;)mne“ Colin V-33 93.85+92.67* 16.85%1.99" 0.98+0.16¢

Oaxaca-7* 16.54+0.53" 1.06+0.51" 0.67+0.12"

Hass 1040.72+125.16° 1384.40+149.91" 1739.65+24.40%
Total phenolic content Colin V-33 1238.86+58.87 775.66£92.99° 1937.43+93.84°
(GAmgg  DW)

Oaxaca-7 1099.08+61.83° 1074.92+49.10° 806.25+67.92"

Hass 1267.00+149.82° 3423.40+203.92* 1900.20+171.92°
DPPH antioxidant capacity A b 2 a
AAug g DW) Colin V-33 694.39+70.36 981.94+74.05 1066.10+20.73

Oaxaca-7 1560.40+322.74 1251.20+203.78° 614.70+22.41°

Hass 656.6231.14° 1776.46+59.23% 990.10+115.07"
Ferric Reducing Antioxidant ) a b _ a
Power g AAs ¢! DW) Colin V-33 698.61+19.98 592.65+ 14.27 665.92+4.88

Oaxaca-7 876.80+12.48* 687.52+23.18" 375.25+6.22°

*Genotype. DW: dry weight; DPPH: 2,2-diphenyl-1-picrylhydrazyl; FRAP: Ferric Reducing Antioxidant Power; AAs: ascorbic acid. Means

followed by the same letter within each row are not significantly different (@=0.05). Values are presented as mean*SD, n=3.

A significant difference (p<0.05) was found in the content of phenolic compounds

in fruits from the three evaluated materials between the initial condition and after eight

days of storage. In the Hass cultivar, total phenolic content tripled, reaching a final

concentration of 3313.33 mg GA g_1 DW, whereas in the Oaxaca-7 genotype, an increase

of approximately 20% was observed, with a final content of 1331.44 mg GA g_1 DW. In
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contrast, the Colin V33 cultivar showed an 11% reduction, ending with 1098.73 mg GA
¢~ ! DW (Table 1).

In the case of fruits stored under refrigeration conditions (21 days at 2x1 °C),
a significant difference (p<0.05) was found in the content of phenolic compounds
compared with the initial condition. In the Hass cultivar, an increase of 33% was
observed at the end of cold storage, followed by a further 67% increase during
ripening (two days at 202 °C), reaching a final concentration of 1739.65 mg GA g_1
DW. In the Colin V33 cultivar, a 37% decrease was observed at the end of storage,
followed by a subsequent 56% increase during ripening, with a final concentration of
1937.43 mg GA g_1 DW. Meanwhile, phenolic compound content in the Oaxaca-7
genotype remained unchanged during refrigerated storage; however, after ripening, a
26% reduction was observed, resulting in a final content of 806.25 mg GA g_l DW
(Table 2). Phenolic compounds are responsible for the highest antioxidant activity in
horticultural products (Heim et al., 2002). According to the results obtained using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) method in fruits directly exposed to ripening
temperature, a significant increase (p<0.05) was found only in the Hass cultivar and
the Oaxaca-7 genotype, where an increase of slightly more than twofold and 34%,
respectively, was observed. In contrast, no significant change was detected in the Colin
V33 cultivar (Table I).

On the other hand, in fruits stored under refrigeration conditions (21 days at
2.0x1.0 °C), a significant difference (p<0.05) was observed both at the end of storage
and after ripening compared with the initial condition. In the Hass and Colin V33
cultivars, increases of 170% and 40% were observed at the end of cold storage, respectively;
however, during ripening, the increase was close to 50% in both cultivars. Meanwhile, in
the Oaxaca-7 genotype, a decrease of 20% was found at the end of storage and of 60%
during ripening compared with the initial condition (Table 2).

For the Ferric Reducing Antioxidant Power (FRAP) assay, a significant difference
(p<0.05) was found in fruits directly exposed to ripening conditions compared with the
initial condition. In the Hass cultivar, an increase of approximately 75% was observed,
whereas in the Colin V33 cultivar and the Oaxaca-7 genotype, reductions of 28.58% and
7.18%, respectively, were detected.

In fruits stored under refrigeration conditions (21 days at 2+ 1 °C) and subsequently
ripened (two days at 20x2 °C), a significant difference (p<0.05) was found in
FRAP values. Notably, the Hass cultivar showed an increase of 170% at the end of
cold storage and a further 50% increase during ripening. In contrast, the Oaxaca-7
genotype exhibited reductions of 21.6% and 57% in FRAP at the end of storage and
during ripening, respectively. In the case of the Colin V33 cultivar, a 15% reduction
in FRAP was observed at the end of refrigeration storage and remained unchanged
during ripening (Table 2). An increase in antioxidant capacity has been reported by
Daiuto et al. (2011), who stated that antioxidant capacity measured by the DPPH
method increased in ‘Fuerte’ avocado fruits during the ripening process. In this
regard, the results obtained in the present study suggest that the differences observed

in antioxidant capacity among the fruits evaluated are related to variations in their
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phenolic compound profiles. A similar response, in terms of a significant increase in
antioxidant capacity, was observed in fruits of the Hass cultivar when measured using
the FRAP method.

The results obtained in this study are consistent with those reported by Tomds-
Barberan and Espin (2001) regarding the effect of cultivar and/or genetic material
on the antioxidant activity of avocado fruits. In addition, no clear relationship was
observed between total phenolic content and antioxidant capacity in the cultivars and
genotype evaluated. This response agrees with the findings of Daiuto et al. (2011), who
reported no significant correlation between total phenolic content and antioxidant
capacity in ‘Fuerte’ avocado, suggesting that variations in the content and profile
of phenolic compounds present in each genetic material may influence antioxidant
behavior.

It is important to note that the higher antioxidant capacity values obtained using
the DPPH method, compared with the FRAP method, support the hypothesis that this
may be due to the presence of lipophilic compounds, as well as other constituents such
as a-tocopherol, carotenoids, chlorophylls, and flavonoids in avocado extracts, which
contribute to a greater stabilization of the DPPH free radical (Moreno et al., 2014).

In fruits directly exposed to ripening conditions, a significant difference (p<0.05) was
observed in pigment content compared with the initial condition. In the ‘Hass’ cultivar, a
decrease of 43, 50, 29, and 53% was recorded in total chlorophyll, chlorophyll 4, chlorophyll
b, and total carotenoids, respectively.

A similar pattern was found in the Colin V33 cultivar, with a 37% reduction in total
chlorophyll and a 54% decrease in chlorophyll a, whereas chlorophyll b and total carotenoids
remained unchanged, showing no significant differences.

Table 3. Changes in chlorophyll content (total, @, and ) and total carotenoids in the pulp of avocado fruits
(Persea americana Mill.) stored at 201 °C for eight days.

Rippening time
Variable Cultivar PP 5
0 days 8 days
Hass 103.48+2.50% 58.55+6.30"
Total clorophyll ;
W";Z_ﬁ ‘g% Y Colin V-33 41.48+92.53 95.87+0.97"
o Oaxaca-7* 184.02+50.39° 116.77+30.66°
Hass 70.75+1.56* 35.32+2.43"
Chlorophyll a (ug g_l DW) Colin V-33 33.95+2.28" 15.64+0.36"
Oaxaca-7 119.25+926.49% 69.54+13.09"
Hass 32.72+3.66° 93.23+3.87"
C(;}gﬂzr_fipgzg)b Colin V33 7.53+1.92° 10.22%1.99*
Oaxaca-7 64.77+23.91% 47.92+17.65%
Hass 20.41%2.37% 9.63+1.66"
Total Carotenoid Content Colin V-33 16.88+1.39" 14.17%1.37"
(B-carotene ug g~ DW)
Oaxaca-7 34.70%5.3° 16.09+2.07"

*Genotype. DW: dry weight (g). Means followed by the same letter within each row are not significantly
different (@=0.05). Values are expressed as mean*SD, n=3.
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In contrast, in the Oaxaca-7 genotype, only chlorophyll a showed a loss of 40%, while
total chlorophyll and chlorophyll 4 remained without significant changes. Additionally, a
54% increase in total carotenoids was observed (Table 3).

In fruits stored under refrigerated conditions, significant differences (p<<0.05) were
observed in certain cultivars and pigments, either immediately after cold storage or during
ripening. In the cultivar Hass, at the end of refrigeration, decreases of 15%, 28%, and
48% were recorded in total chlorophyll, chlorophyll @, and total carotenoids, respectively,
whereas chlorophyll 4 remained constant. However, during ripening, total chlorophyll as
well as chlorophyll @ and & declined by approximately 44%, while total carotenoid content
showed no significant changes.

In the cultivar Colin V33, a similar behavior was observed at the end of storage;
however, the reductions in total chlorophyll, chlorophyll «, and total carotenoids were
56%, 74%, and 37%, respectively. During ripening, chlorophyll degradation continued,
reaching reductions of up to 75% in total chlorophyll, 81% in chlorophyll a, and 46% in
chlorophyll 4, whereas total carotenoids remained unchanged. In the case of the genotype
Oaxaca-7, only a 38% loss of chlorophyll ¢ and a 55% reduction in total carotenoid
content were observed up to the ripening stage. Total chlorophyll and chlorophyll &
remained unchanged (Table 4).

Pigment content is determined by the plant material and the stage of maturity
(Soong and Barlow, 2004), and the metabolism of these compounds directly affects their
concentration. In the case of the cultivar Hass, Wang et al. (2012) reported an increase
in phenolic compounds after cold storage for 21 and 35 days, demonstrating that in
this cultivar exposure to refrigeration temperatures promotes the accumulation of total
phenols. However, according to Di Stefano et al. (2017), during avocado fruit ripening

Table 4. Changes in chlorophyll content (total, @ and ) and total carotenoids in the pulp of avocado fruits (Persea americana Mill.) stored at
2#1 °C for 21 days, followed by two days at 20%1 °C.

Variable Cultivar Storage time + ripening time
0 days 21 days 23 days
Hass 103.48+2.51% 87.44+5.07" 59.03%3.51¢
;:"12_‘311%‘\’5?11 Colin V-33 41.48+2 .54 18.23 4.34" 10.44+ 0.94°
Oaxaca-7* 184.03+50.40° 150.66+2.19° 124.32+2.88%
Hass 70.75%1.57 50.52+7.96" 39.08+1.60°
Chlorophyll a (ug g~ DW) Colin V-33 33.95%2.29 8.87%1.34 6.34%0.94
Oaxaca-7 119.25+26.50° 83.01%3.06% 72.81%0.58"
Hass 32.72+3.66° 36.92+2.90° 18.75+0.70°
Chlorophyll 4 (ug g~' DW) Colin V-33 7.53+1.92% 9.35+3.04* 4.09+0.23
Oaxaca-7 64.77+23.91° 67.65+0.98 31.51+3.21°
Hass 20.41%2.38" 10.55+1.77" 11.35+3.99
Fé‘fzaalrgfergze;gg_ﬁog\;‘;t Colin V-33 16.88+1.39" 10.65+0.84" 19.34%5.36°
Oaxaca-7 34.70+5.36 27.38+6.11% 15.54+5.30

*Genotype. DW: dry weight (g). Means followed by the same letter within each row are not significantly different (¢=0.05). Values are expressed

as mean=SD, n=3.
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there are differences among cultivars in both the profile and type of phenolic compounds,
which explains the contrasting patterns observed in the total phenol content of the fruits
evaluated in this study. In other studies (Ashton ez al., 2006; Cox et al., 2004), a decrease
in chlorophyll concentration has been observed in ‘Hass’ avocado fruits as a result of the
ripening process. These authors also reported high concentrations of chlorophyll ¢ and
low levels of chlorophyll 4, as was likewise found in the present study. Regarding total
carotenoids, exposure to refrigeration conditions did not affect the normal carotenoid
metabolism associated with ripening in the genotype and the cultivar Hass. It has been
noted that factors such as harvest season, agroclimatic conditions, and production
technology significantly influence carotenoid synthesis in avocado fruits. Furthermore,
during the ripening process, these pigments tend to decrease, as has been reported by
several researchers (Ashton ¢t al., 2006; Lu et al., 2009).

With regard to the carotenoid profile, lutein was the most abundant carotenoid
in the pulp of avocado fruits from both cultivars and the genotype. At harvest, lutein
concentrations of 1.19 ug g_1 DW were detected in the cultivar Colin V33, 12.61 ug g_1
DW in the genotype, and 2.65 ug g_1 DW in the cultivar Hass. At the edible ripeness stage,
the content of this carotenoid decreased to 0.59 ug g_1 DW in Colin V33, 5.00 ug g_1 DW
in the genotype, and 1.81 ug g_1 DW in Hass (Figure 1), representing reductions of 50.4%,
60.3%, and 31.7%, respectively.

Other carotenoids were also detected in relevant amounts, including neoxanthin,
trans-violaxanthin, 9 -cis-neoxanthin, luteoxanthin, cis-violaxanthin, antheraxanthin,
p-cryptoxanthin, a-carotene, and f-carotene; however, all were present at concentrations
below 1.00 ug g~' DW.

After 21 days of storage at 2+1 °C, carotenoid concentrations decreased, even after
transfer to ripening temperature. In this regard, lutein declined to 0.65 ug g_1 DW in the
cultivar Colin V33, 5.56 ug g_1 DW in the genotype, and 2.33 ug g—1 DW in the cultivar
Hass, corresponding to reductions of 45.8%, 55.9%, and 12.1%, respectively, relative to the
values at harvest.

It is noteworthy that changes were also observed in the relative abundance of the other
detected carotenoids. Thus, in the genotype, after 8 days of ripening at 20+2 °C, the
concentration order from highest to lowest was lutein, neoxanthin, and cis-violaxanthin.
However, after 21 days at 2*1 °C followed by 2 days at 202 °C, the order shifted to
neoxanthin, lutein, and cis-violaxanthin.

Lutein is a carotenoid typically found in green tissues and was detected in the highest
abundance in the pulp of avocado fruits; its concentration decreases during the ripening
process (Ashton et al., 2006; Lado et al., 2017), showing a pattern similar to that observed
in the present study. Other researchers have also reported the presence of zeaxanthin,
B-cryptoxanthin, a-carotene, and -carotene in avocado pulp (Lu et al., 2009). Lutein and
zeaxanthin have been associated with a lower incidence of ocular diseases such as cataracts
and age-related macular degeneration. They also function as antioxidants, protecting
against the formation of reactive oxygen species. On the other hand, S-cryptoxanthin,
a-carotene, and f-carotene exhibit provitamin A activity. Additionally, these compounds

may exert other health-related functions of importance in humans, such as enhancing the
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Figure 1. Carotenoid behavior in the pulp of avocado fruits from Hass (C, F), Colin V-33 (A, D), and Oaxaca-7
(B, E) stored at 201 °C, and stored at 2+ 1 °C for 21 days followed by 2 days at 201 °C. Carotenoid data are
presented as mean * SD. Source: Author’s own elaboration based on experimental data.

immune system and providing photoprotection to tissues, including epithelial and ocular
tissues (Beltran et al., 2012; Olmedilla-Alonso and Estévez-Santiago, 2017; Rodriguez-
Concepcion et al., 2018). It has also been reported that the carotenoid profile is modified in
response to developmental stage, variety or cultivar, harvest date, production technologies,
environmental conditions, and postharvest handling. Under normal light conditions, higher

concentrations of lutein, B-carotene, violaxanthin, and neoxanthin are typically found in
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green plant tissues, whereas zeaxanthin, a-carotene, -cryptoxanthin, and antheraxanthin
occur at lower levels.

The results obtained in the present study highlight the effect of cultivar and
genotype on the carotenoid content, concentration dynamics, and profile, as well as the
influence of maturity stage and storage conditions. These factors ultimately translate
into differences in pulp color and the nutraceutical value of avocado fruits (Rodriguez-
Concepcion et al., 2018).

CONCLUSIONS

During cold storage, fruit quality was not affected in the cultivars (Colin V33 and
Hass) and the genotype (Oaxaca-7). However, once the fruits were transferred to ripening
temperature (20 °C), their shelf life was reduced to only two days, and pulp quality
deteriorated rapidly. This decline was associated with a significant decrease in phenols,
chlorophylls, and carotenoids, which negatively affected the antioxidant activity of the
avocado fruits under study, as well as the nutraceutical value provided by chlorophyll and

carotenoid contents, particularly lutein.
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ABSTRACT

Objective: This review article examines the economic benefits of animal welfare, focusing on how welfare-
friendly practices can improve production efficiency and open new market opportunities.
Design/Methodology/Approach: The review draws on a critical analysis of existing literature on animal
welfare and its economic impact, considering both the direct and indirect benefits of these practices.

Results: The findings show that animal welfare enhances product quality, lowers long-term costs, and offers
competitive advantages in a market increasingly concerned with animal ethics. Effective management also
helps prevent economic losses by maximizing the production system’s potential.

Limitations of the Study/Implications: Although implementing animal welfare practices may require
upfront investments in infrastructure and management, the long-term benefits include greater profitability and
access to new markets. Distinguishing between direct and indirect benefits is therefore essential to maximizing
economic returns.

Findings/Conclusions: Prioritizing animal welfare is not only a moral responsibility but also provides
significant economic and social benefits. Embedding animal welfare into agricultural strategies can foster a
more sustainable and prosperous future for all stakeholders.

Keywords: Animal welfare, livestock sustainability, profitability.

INTRODUCTION

Animal welfare is the state in which an animal adapts to and copes with its physical and
social environment, integrating its physical and mental condition across living and dying
circumstances, thus enabling a quality-of-life assessment from the animal’s perspective
(Herndandez & Martinez, 2020; Garcia & Lépez, 2018). This perspective recognizes that
even under similar circumstances, individuals may experience different levels of well-being

due to internal and external factors (Smith, 2019).



mailto:iazdalonso@gmail.com

AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/8p152f18 138

Stress, understood as the organism’s adaptive response to environmental challenges,
can aid adaptation and survival. However, when excessive or prolonged, it undermines
animal welfare (Hernandez & Martinez, 2020). The concept has since broadened
into an integrated framework that also addresses social, economic, and sustainability
dimensions, known as One Welfare (Mellor et al., 2020). Animal welfare assessment
was historically guided by the “Five Freedoms,” though these have been found to
sometimes conflict and offer limited measurability. Today, the “Five Domains”
model is the preferred framework, providing an objective, science-based evaluation of
nutrition, environment, health, behavior, and mental state (Mellor et al., 2020; Mellor
& Beausoleil, 2015). Economic factors are also significant, as animal welfare influences
productivity and the market value of animal products, yet a purely utilitarian view is
discouraged (Fraser, 2008).

Legally, some countries now recognize animals as sentient beings with rights,
highlighting welfare as an intrinsic value rather than solely an economic consideration
(Cicardini-Milla, 2022). Welfare is assessed using both direct indicators (physiological and
behavioral) and environment-based measures, with a clear understanding of each species’
normal behavior being essential (Whay et al., 2003).

While ethical, legal, and scientific consensus is spreading around the welfare of
food animals, adoption remains varied across livestock systems because the benefits of
welfare improvements generally require upfront investments and recurrent management
costs, whereas their economic returns are uncertain, shared by multiple actors and are
conditioned by verification and governance devices. This generates a well-defined economic
challenge in which producers and intermediaries must determine the if, when, and how
of welfare investment under incomplete information, heterogeneous willingness-to-adopt
and changing enforcement. In this context, it is important to be aware of the most relevant
economic channels through which animal-friendly practices impact: (1) production-
related results (health, losses and productivity; and product quality) and (2) indirect market
outcomes (price premiums, market access, reputational risk, and regulatory compliance).
This review hypothesizes that welfare investments are most likely to generate positive net
returns when efficiency gains and market rewards together outweigh incremental costs. By
integrating available evidence into a unified economic frame, the article addresses a gap
in the animal welfare literature, which is often rich in ethical and biological arguments but
less explicit about decision-relevant economic mechanisms and the conditions under which

welfare becomes a competitive strategy in livestock systems.

MATERIAL AND METHODS

A narrative review was conducted, gathering literature about animal welfare and its
economic consequences from the official sources and peer-reviewed articles. Provision of
outputs was structured under a decision-focused framework that separates direct channels
either enhancing animal health, loss avoidance, productivity or product quality from
indirect ones (price premium, market access, reputational risk and regulatory compliance).
Itwas organized in thematic sections reflecting mechanisms, from a conceptual foundation

to economic outcomes.
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Animal welfare as a key pillar of market dynamics

Evidence

Animal welfare is a fundamental concept, referring to the fulfillment of animals’ basic
needs, which must be met without exception. Understanding its economic relevance requires
defining the market as the exchange of goods and services between different entities. As
Herrera (2013) notes, market research aims to gather information that supports decision-
making and guides long-term planning. In this context, it is essential to explore how animal
welfare can address specific needs in different scenarios and how these opportunities may
contribute to economic advantage.

The animal welfare market shows strong growth potential, driven by increasing public
awareness of ethical animal treatment and rising demand for products that meet high
welfare standards. This trend offers producers and marketers the opportunity to adapt their
practices and products to align with consumer expectations, as animal welfare becomes
a progressively more important factor in purchasing decisions (Cicardini-Milla, 2022).
Moreover, implementing regulations that promote animal welfare can yield economic
benefits for both producers and consumers by enhancing product quality and fostering
sustainable practices (Broom, 2011).

In Mexico, animal welfare legislation exists but is poorly enforced. For instance,
the Official Mexican Standard NOM-045-ZO0-1995 sets zoosanitary requirements
for handling animals in markets, yet many operate in violation of these rules (FMVZ-
UNAM, 2021). Inadequate infrastructure in such markets undermines animal welfare
and poses a public health risk due to the sale of animals under unsuitable sanitary
conditions.

Initiatives led by institutions such as SENASICA and UNAM have proven effective in
improving market conditions. Training programs and the dissemination of animal welfare
regulations have brought about significant changes in vendor behavior (FMVZ-UNAM,
2021). Nevertheless, sustained efforts are vital to consolidate these gains and prevent a

relapse into harmful practices.

Economic implications

Overall, the evidence suggests that animal welfare operates as a market attribute
that shapes consumer demand, competitive positioning, and regulatory compliance.
As demand for welfare certified products increases, producers face a combination of
incentives and constraints that ultimately determine profitability and investment
orientation. These include potential price premiums and improved market access, as
well as the costs of infrastructure upgrades, staff training, and ongoing monitoring. Poor
welfare can generate negative externalities, including public health risks and reputational
damage, particularly where enforcement is weak, and it can limit the market’s ability to
capture surplus from welfare improvements. Conversely, where education and regulation
strengthen compliance, welfare enhancement can generate economic returns through
premiums linked to higher perceived quality, lower losses associated with poor handling,
and greater consumer trust when institutional efforts are sustained.
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Legal framework of animal welfare: challenges and opportunities
for implementation

Evidence

In many countries, animal welfare legislation aims to align with the guidelines of the
World Organization for Animal Health (OIE) while also reflecting earlier regulations,
codes of good practice, technological innovations, and scientific progress (Huertas et al.,
2014). Morales and Morales (2017) describe laws that still classify animals as “things” as
“archaic and regressive.” In recent years, however, growing public concern for animal
welfare has begun to challenge legal frameworks that reduce animals to mere property
(Brels, 2012; Morales and Morales, 2017).

Although Mexico’s animal welfare regulations date back to 1940, Morales and Morales
(2017) argue that public policies have fallen short of adequately protecting domestic
species. In response, several states have enacted specific laws to prevent animal cruelty and
ensure humane treatment. These regulations promote responsible ownership and impose
administrative penalties for violations (Ambrosio-Morales, 2017).

The 2007 Federal Animal Health Law marked a milestone in Mexico’s animal welfare
legislation by setting standards for the treatment of animals raised for livestock production.
However, its implementation is hindered by the lack of effective enforcement mechanisms
and adequate public policies (Morales & Morales, 2017). While regulations exist to ensure
the humane treatment of animals for human consumption, they are frequently viewed as
insufficient or unclear.

Effective enforcement of animal welfare standards is crucial. Current regulations impose
stricter penalties, which can lead to financial losses for companies or imprisonment for
offenders. However, the variation in state-level laws results in a confusing and fragmented
enforcement landscape (Rivero-Sosa, 2017).

Economic implications

Producing and value chain actors face unambiguous economic incentives and risks in
this legal environment. Higher penalties would in theory make the cost of non-compliance
(expressed through fines, lawsuits or possible business interruptions) more costly while
loose and poorly enforced rules reduce predictability required to be able to invest in welfare
improvements. In these circumstances, the economic returns to welfare investment are
influenced by not just on-farm costs but also regulatory predictability, level of enforcement,

and capacity to convert compliance into market entry and reputational gains.

Consumer interest in animal welfare: a key driver of the sector’s economy

Evidence

Consumer interest in animal welfare has become a decisive factor in driving the
adoption and continuation of practices that guarantee the ethical treatment of animals
(Matas, 2013).

Consumers today can make informed choices about their food, selecting products such
as free-range eggs or meat from humanely raised animals. However, the allowance of
products with verified animal welfare standards remains limited (Lusk, 2011).
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Studies indicate that consumers are willing to pay a premium for products that ensure
animals are treated humanely and without cruelty (Matas, 2013; Huertas et al., 2014;
Moyano et al., 2015). This willingness is driven both by inherent human empathy and by
the belief that better animal welfare leads to higher-quality products (Moyano et al., 2015).

Worldwide, demand for cruelty-free products is rising, fueled by international markets
and regulations designed to uphold ethical production standards (Huertas et al., 2014).
In developed countries, consumers focus not only on price and food safety but also on
production conditions, including the handling, transport, and slaughter of animals. In
lower-income nations, meeting basic needs remains the priority; however, a growing
segment of consumers is willing to pay a premium for products that guarantee humane

animal treatment.

Economic implications

These trends suggest that animal welfare is becoming a marketplace attribute which
could generate price premiums, build brand equity and open doors to regulated or
premium market segments. Simultaneously, the small availability of substantiated welfare
products indicates that there are supply side constraints (such as certification costs and
monitoring, but also investment in welfare related infrastructure and management). With
increased awareness, noncompliance will be economically relevant: not achieving welfare
aspirations or benchmarks may lead to loss of consumer confidence and demand with
follow-on revenue impact and reputational damage. Given such context, the profitability
of welfare improvements relies on the trade-off between additional output and verification
costs on the one hand and market returns -in terms of premiums offered or increased

access to the market- and reduction in risk exposure within markets on the other.

Labeling and certification in the economics of animal welfare

Evidence

In developed nations, a well-established market for animal products has emerged, driven
by consumer interest in animal welfare and the resulting adoption of stricter regulations.

In the Netherlands, initiatives have been introduced to establish high animal welfare
standards, segmenting the market into three tiers: Conventional, meeting only the
minimum legal requirements; Mid-Market, offering products that surpass conventional
standards but fall short of organic; and Premium, encompassing organic products or those
that meet the highest animal welfare criteria (Gocsik et al., 2015).

Producers may determine their level of commitment to animal welfare, which entails
complying with auditable standards and submitting to regular inspections. Some have
gone further by installing surveillance cameras to support and streamline these processes
(Lusk, 2011; Gocsik et al., 2015).

In many countries, verification protocols are designed to be both accessible and flexible,
encouraging producers to implement systems that promote animal welfare. However, once
higher welfare standards are achieved, producers are expected to uphold them consistently.
Despite progress, many countries offer no government incentives, and regulations are often

seen as overly strict and rigid in enforcement. As a result, some producers resist adopting
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animal welfare practices, particularly when added costs are not offset by higher sale prices.
However, products meeting high animal welfare standards can command substantially
different prices depending on certification level. Gocsik et al. (2015) note that the economic

benefits linked to the highest welfare standards are significant.

Economic implications

This evidence suggests that animal welfare standards are promoting a differentiated
market structure in which compliance and verification function as quality signals, enabling
segmentation and price discrimination. These tiered systems allow producers to choose
an adoption pathway that fits their cost structure and investment capacity. At the same
time, audits and monitoring increase both fixed and variable costs related to certification,
inspections, documentation, and, where relevant, surveillance technology. In the absence
of public incentives, adopting welfare measures becomes a business decision. Uptake is
more likely when price premiums, access to contracts, or reduced risk compensates for the
added costs. Because certification premiums tend to rise with higher levels of compliance,
the greatest potential rents lie at the top tiers, but realizing them depends on credible
verification, sustained adherence to standards, and market conditions that translate welfare
attributes into higher sale prices.

Infrastructure as a tool for animal welfare: economic implications

Evidence

Optimal facility design should ensure safety, functionality, and protection from
environmental conditions (Grandin, 2008), while also minimizing social tension and
stress (Lindberg, 2001). Space allowance refers to the area an individual needs to remain
comfortable and free from social stress (Kido-Cruz et al., 2022). Research shows that
animal behavior and social hierarchy are highly influenced by housing conditions
and space allowance (Kondo & Hurnik, 1990), which in turn impact many aspects of
production and, ultimately, animal welfare (DeVries et al., 2004; Landaeta-Herndndez et
al., 2004).

Landaeta-Hernandez and Drescher (2011) emphasize that facility design should
prioritize animal welfare over purely economic considerations. For pig production, studies
show that retrofitting existing facilities can cost 25% to 45% more than constructing them

initially with suitable design and infrastructure.

Economic implications

Designing facilities that provide adequate space allowance not only enhances animal
welfare but also delivers long-term economic gains. Landaeta-Herndndez (2011) reports
that providing animals with more space enhances their health and overall welfare, leading
to higher productivity and improved product quality. For instance, Lee et al. (2012)
compared steers housed at 8 m? and 32 m?, finding that increased space boosted average
daily gain (ADG) and rib eye area (REA). Animals in optimal conditions are less susceptible
to stress and disease, lowering veterinary costs and minimizing losses from mortality or

poor performance (Arrebola et al., 2014). Thus, investing in well-designed facilities is both
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an ethical commitment to animal welfare and a sound financial strategy that can improve

profitability for producers.

Economics of animal transport: costs, benefits, and welfare opportunities

Evidence

Rising market demand has driven up production costs linked to animal transport,
particularly for long-distance journeys. Inefficient transport can cause 26% to 76% losses,
depending on the species, and is further exacerbated by poor ventilation and road accidents.
Such accidents often stem from extended work hours, inadequate routes, and corporate
pressure to meet demanding delivery targets (Miranda-de la Lama, 2013).

Implementing robust tools and protocols to reduce physiological stress during pre-
slaughter handling and transport is critical. Pre-slaughter stress, often underestimated, has
a substantial impact on animal welfare and on final product quality.

Quantifying transport costs is challenging, but effective management can cut them by
up to 25% when key factors are addressed, such as: proper handling at origin, reasonable
travel times, appropriate vehicles, trained staff, suitable loading densities, and optimal
routes (Miranda-de la Lama, 2013). Accordingly, investing in transport improvements is
crucial to ensure animal welfare and enhance sector profitability.

Pre-slaughter transport stress is a key driver affecting animal welfare and profitability in
the meat sector. Recent evidence shows the resulting economic losses are measurable and
multifaceted, degrading meat quality and reducing slaughterhouse efficiency.

DFD (dark, firm, dry) meat, caused by pre-slaughter glycogen depletion, can reduce
carcass value by up to 30% (Miranda-de la Lama et al., 2017). In cattle, average losses
are about $88.58 per carcass, with prevalence reaching 47.63% in some Mexican plants.
Transport-related trauma also leads to condemnations costing roughly USD 146 per
animal in South American systems, largely due to overloaded vehicles, slippery floors, and
aggressive handling with electric prods (Temple ¢z al., 2016).

Transport mortality varies by region —0.03 to 0.5% in Europe for trips under 8 h—
but under extreme conditions total losses can reach 20%. Additional losses arise from
pre-slaughter liveweight loss due to dehydration (5-8% in heifers) and from bruising that
reduces carcass yield. These risks intensify on long journeys (>12 h), where fasting and
commingling unfamiliar groups heighten physiological stress (Gonzdlez-Rivas et al., 2020).

Miranda-de la Lama et al. (2017) present a logistics optimization model that can cut costs
by 25% by:

* setting appropriate loading densities (0.7—1.7 m?/animal) to reduce slips and injuries.
* training staff in low-stress, non-aversive handling to limit the use of electric prods.
* upgrading vehicle design, with non-slip flooring and forced ventilation to stabilize

in-vehicle temperature.

These measures maintain meat quality by keeping final pH within 5.4-5.8 and

preserving water-holding capacity, thereby minimizing postmortem drip loss.
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Economic implications

This evidence indicates that transport is both a welfare sensitive stage and a major
cost center, where preventable stress and injury translate into measurable economic
losses through reduced carcass value, condemnations, mortality, dehydration related
shrink, bruising, and lower slaughterhouse efficiency. Because these losses tend to
be concentrated in long distance journeys and are amplified by operational factors
such as routing, loading density, vehicle condition, and handling practices, targeted
improvements in transport management can generate high returns. In particular,
measures that reduce stress and trauma are likely to pay off through lower losses and
more consistent meat quality, while logistics optimization and staff training can reduce
costs and strengthen compliance with welfare expectations, improving profitability

across the value chain.

Animal welfare and product quality: a sustainable economic relationship

Evidence

Animal stress markedly degrades meat quality, altering physical and sensory attributes.
Stress-driven hormonal shifts; especially around handling and pre-slaughter, can result
in PSE (pale, soft, exudative) or DFD meat, depending on species and circumstances
(Rodriguez-Calleja et al., 2005; Barbut et al., 2008).

These effects impair meat appearance, shorten shelf life, and increase susceptibility to
bacterial contamination (Eikelenboom ez al., 1990).

DFD meat has lower market value because consumers link its color to poor quality. On
the other hand, PSE meat often shows off-odors and higher cook loss, leading to substantial
economic losses (O’Neill ez al., 2003). Thus, effective pre-slaughter stress management is
essential to ensure meat quality.

Injuries incurred during loading, transport, and unloading can seriously compromise
meat quality. Common injuries, such as bruises, fractures, and muscle tear, stem from the
physical and psychological stress animals undergo at these stages (Pérez et al., 1999).

Bruises (hematomas) are blood accumulations from ruptured capillaries that make
meat unfit for consumption and subject to condemnation (Paramio, 2000). Wounds also
promote bacterial growth and hasten spoilage (Arrebola ¢t al., 2014). Evidence shows
that poor transport conditions markedly raise bruising-related condemnations, degrading
product quality and driving substantial economic losses for producers (Godoy et al., 1986;
Eikelenboom et al., 1990).

Hides are valuable by-products, but they are easily damaged by poor handling along
the chain, both pre- and post-slaughter (Acero, 2009). Improving transport welfare and
adopting proper handling practices increases hide value and reduces losses; mistreatment
degrades not only hides but also the overall quality of meat products (Acero, 2009; Arrebola
etal., 2014).

Stress and mishandling can cause bruising and tissue damage, lowering market value
and driving substantial losses for producers (Godoy et al., 1986; Eikelenboom et al., 1990).
Prioritizing animal welfare is therefore essential; not only on ethical grounds, but because

it improves product quality and profitability.
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Animal mistreatment directly undermines the quality of animal-derived products.
Prioritizing profit over welfare harms animal health and, in turn, reduces the quality of
meat and by-products. The consequences are both ethical and economic: low-quality
outputs translate into substantial losses for the industry (Téllez, 2022; CIWE, 2021).

Economic implications

Taken together, these data show that stress and mishandling generate financial losses
at multiple points in the chain through reinforcing pathways. These include carcass
downgrading, such as PSE or DIFD, shorter shelf life and higher contamination risk,
condemnations due to bruising and wounds, and the loss of value in co-products such
as hides. Because these losses occur at identifiable stages, including the farm, transport,
and handling, welfare-oriented management functions as a practical quality assurance tool
that protects revenue and reduces waste. Accordingly, investments in low-stress handling,
improved transport conditions, and effective preslaughter stress control can increase
profitability by preserving product quality, raising the share of saleable output, and
maintaining the value of by-products.

How welfare practices affect income

Evidence

Poor animal welfare leads to production losses such as: lower performance, reduced
by-product quality, animal injury and mortality, and inefficient resource use; and can even

constitute a criminal offense.

Economic implications

Consequently, investing in animal welfare can generate revenue through multiple
channels. Adopting robust welfare practices can reduce avoidable losses and improve
productivity; low-stress handling enhances by-product quality and overall system
efficiency, translating into greater revenue (Acero, 2009; Arrebola et al., 2014). Humane,
ethical handling also helps secure production by safeguarding quality and reducing the risk
of condemnation and other losses that directly impact revenue, while consistent quality can
strengthen consumer loyalty and producer reputation (Téllez, 2022). In addition, prioritizing
animal welfare can expand access to new markets by attracting buyers who value ethically
produced goods, enabling premium pricing and strengthening competitiveness in domestic
and export contexts (FAO, 2023). Overall, animal welfare is both an ethical imperative
and a sound economic strategy, as welfare-focused practices can enhance profitability and
support the long-term sustainability of livestock operations.

Animal welfare: a strategy for sustainable production

Evidence

Animal welfare is a pillar of modern livestock production, with benefits that extend
well beyond regulatory compliance. In many countries, legal recognition and protection
of animals are expanding, reinforcing the state’s duty to safeguard animal rights for future
generations (Rivero-Sosa, 2017).
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Globally, animal-protection movements have driven the adoption of welfare standards
and regulations. Beyond the ethical case, these advances open access to domestic and
international markets for producers.

The rising concern of consumers for ethical animal treatment shapes their purchasing
decisions and enhances producers’ reputations (Infortambo Andina, 2022). Animal welfare
also delivers economic gains: adopting good practices improves efficiency and product
quality. Proper handling during transport and slaughter elevates meat and by-product
quality, strengthening market competitiveness (OMSA, 2024).

Economic implications

Investing in animal welfare is therefore both an ethical imperative and a sound economic
strategy that benefits animals and producers alike. Aside from the ethical argument,
such developments can provide producers with access to national and international
markets. Key advantages include lower disease pressure due to reduced illness and less
veterinary intervention, increased product quality through improved handling, better
market access via improved sentinel measures compared with current standards and
more consumer confidence as welfare enters more buying decisions. And in general,
increasing the productive potential of any production system either raises productivity
or leads to economic gains. Animal welfare is a moral and financial imperative If we

invest in animal welfare.

Economic balance: direct and indirect production benefits

At first glance, animal welfare may not appear to yield direct profits, yet it is crucial for
production efficiency and market access (see Table 1). As Forbuena-Borrds (2017) notes,
it helps to distinguish between direct and indirect gains. The direct gains include cost
reductions in the final product, since good handling prevents defective inputs, shortens
processing, and, by speeding time to market, lowers mortality and morbidity, boosting
profitability.

Indirect gains stem from better product quality: humane handling produces more
uniform, higher-quality products. This adds value to processed goods: products from
well-treated animals are typically of higher quality than those from stressed or mistreated
animals (Forbuena-Borras, 2017). Research also supports these findings; for example,

Table 1. Economic Impact of Improving Animal Welfare on Productivity.

Aspect Economic impact Reference
Meat product quality. 10-20% improvement and fewer defects. OMSA (2024)
Disease burden. 15-30% lower veterinary costs with better management. Huertas et al. (2021)
Productivity. Up to 25% more piglets per sow per year under improved welfare. Jaaskeldinen et al. (2014)
Worker safety. Savings up to $5,000 per facility/year from fewer injuries. OMSA (2024)
Reproductive performance. 10-15% shorter inter-farrowing interval with good practices. Jaaskeldinen et al. (2014)
Premium markets. 15-30% higher prices for certified, welfare-standard products. Agrovet Blog (2023)
Feed efficiency. Up to 20% less feed per animal due to better health and lower stress. OMSA (2024)
Social & environmental outcomes. 5-10% higher social acceptance and improved system sustainability. OMSA (2024)
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Romo-Valdez et al. (2021) found that cattle provided with an appropriate environment and
adequate space allowance achieve superior growth and performance, reducing operating
costs and boosting productivity.

Enhancing logistics and transport conditions can cut operating costs by up to 25%
(Miranda-de la Lama et al., 2019). Preventive health programs further reduce veterinary
spending by 30-40% (Sdnchez Rodriguez Castillo, 2023).

Animal welfare reduces stress and disease, lowering veterinary costs and boosting
production efficiency. From a market standpoint, meeting welfare standards strengthens
public trust and opens access to domestic and international markets.

Rising demand for ethical, sustainable goods is leading consumers to favor products that
ensure humane animal treatment (OMSA, 2024).

CONCLUSIONS

This review is distinctive in that it integrates ethical considerations and welfare outcomes
within an explicit economic theory framework. It clarifies the mechanisms through which
welfare interventions affect performance by separating direct production impacts, such as
productivity gains and loss reduction, from indirect market and governance effects, such as
reputational risk, market access, and regulatory compliance. Welfare investment becomes
economically efficient when verification is credible and enforcement is predictable,
allowing compliance to translate into measurable financial returns. Under these conditions,
animal welfare programs are not only ethically justified but also economically compelling,
improving operational efficiency, product quality, and consumer trust, and thereby
strengthening competitive positioning. Strategically targeted investments in infrastructure
and transport can further reduce avoidable losses, lower costs, and raise rates of return. As
demand for humane practices continues to grow, producers that adopt these measures are
better positioned to contribute to public welfare and to remain viable in an increasingly
competitive marketplace, with animal welfare becoming a core element of long-term

agricultural strategy.
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ABSTRACT

Objective. To identify the profile of producers and analyze sugarcane supply strategies in a zone shared by
three sugar mills in Jalisco, to propose lines of intervention that strengthen the sustainability of supply in a
competitive environment.

Design/Methodology/Approach. Surveys, interviews, and statistical records were analyzed to develop a
typology of growers based on the dynamics of cultivated land and to characterize the acquisition and retention
strategies of sugar mills. The Delphi and MICMAC methods were used to explore different scenarios and
support the analysis. Differentiated strategic actions derived from the analysis are proposed.

Results. Four producer profiles were identified: social, stable, diversifying, and specialized. Sugar mills
implement differentiated strategies; one is focused on general supplier retention, another prioritizes large-
scale growers, and a third operates based on close service to the suppliers as a value proposition. Prospective
scenarios agree that sustainable production intensification is the main strategic approach in the face of reduced
sugarcane cultivation area, and competition from alternative crops. Within this framework, diversifying and
specialized sugarcane growers show greater potential to enhance sectoral productivity due to their openness to
innovation and positive response to incentives.

Limitations/implications of the study. The study was based on a convenience sample of 42 producers, which
limits the possibility of extrapolating the results to the entire production base. Likewise, the low participation
of industry representatives and restrictions on the disclosure of information limit the possibility of comparing
supply strategies in depth. However, the findings offer valuable information for other regions facing similar
sugarcane supply challenges.

Findings/Conclusions. Current strategies lack effective targeting, preventing them from focusing on the
actual capabilities of the production base. A shift towards differentiated supplier targeting and retention
models is proposed, based on intensification, the building of organizational and technical capacities, and on
establishing lasting links with agribusinesses.

Keywords: typology of producers, supplier retention, production restructuring, sugarcane supply.
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INTRODUCTION

Sugarcane is one of the most important crops in Mexico, both for social impact and
economic value. The sugar agro-industry generates 500 000 direct jobs and 2.4 million
indirect jobs, involving producers, farm laborers, cane cutters, transporters, and mill
workers in more than 269 municipalities across the country (Gémez-Merino et al., 2021).
Jalisco is the second-largest Mexican sugarcane-producing state and faces a changing
agricultural landscape due to the shift towards more profitable crops such as berries,
avocados, agave, and vegetables according to the Mexican Committee for the sustainable
management of sugarcane (Comité Nacional para el Desarrollo Sustentable de la Cafia de
Azucar-CONADESUCA, 2024) y el Gobierno del estado de Jalisco (2023).

In the sugarcane harvests between 2014-2024 it was noticed that the area dedicated
to agave grew by 107%, while the area of sugarcane decreased by 3.53% according to
CONADESUCA (2024) and Mexico’s Agri-Food and Fisheries Information Service
(Servicio de Informacién Agroalimentaria y Pesquera-SIAP, 2024). This shift has caused
increasing pressure on the supply system for sugar mills, especially in regions where multiple
agribusinesses compete for a shared production base. Changes in production dynamics
have impacted traditional governance processes. Agricultural producers value now not
only prices, but also efficiency in logistics and institutional proximity (Susilowati et al.,
2020; Ghezzi et al., 2022).

Strategic decision-making in the region is limited by the lack of effective targeting of the
base of sugarcane growers, the lag in technological adoption, the aging of growers, the lack
of sugarcane varieties renewal, and a sugarcane registry that does not distinguish active
producers. Furthermore, the fragmentation of land ownership and the pursuit of social
benefits limit the accurate identification of the sugarcane supply system (FAO & BID,
2007; CONADESUCA, 2024). This prevents supplier recruitment and retention strategies
to be adapted to the capabilities, motivations, or levels of technological use of the different
profiles of producers.

Within this context, the objective of this study was to identify the profile of producers
and analyze sugarcane supply strategies in a zone shared by three sugar mills in Jalisco, to
propose lines of intervention that strengthen the sustainability of supply in a competitive

environment.

MATERIALS AND METHODS

This research was conducted in Valles y Lagunas de Jalisco, a zone shared by the sugar
mills of Tala, Ameca, and Bellavista. A mixed-methods approach both exploratory and
explanatory was used. To characterize the profile of producers, a semi-structured survey
was administered to 42 sugarcane growers selected through non-probability convenience
sampling, taking advantage of the meeting and payment points common to producers in
municipalities such as Ameca, Tala, Magdalena, Etzatlan, and Ahualulco de Mercado,
Jalisco (México).

The instrument was structured in four sections: producer identification, size and
management of the production unit, family structure, and access to technical assistance

and financing. Both open-ended and closed-ended questions were designed, allowing for
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the collection of qualitative and quantitative data that included variables such as current
and previous sugarcane cultivation area, water regime, technical assistance, level of
technology, age, motivations, and links with sugar mills. For the construction of profiles,
the current cultivation area and the area dedicated to cultivation 10 years ago were selected
as key variables. Then, data were analyzed using scatter plots in order to classifying four
groups: social growers, stable growers, diversifying growers, and specialized growers.
Each group was defined with a threshold of up to 3 hectares for both variables to ensure
statistical consistency. Data were stored and categorized in Excel® and were processed
using descriptive statistics. This segmentation was compared with the Producers Registry
of CONADESUCA (2024) to identify discrepancies with the official data on production
and administrative structure.

In a second stage, interviews were conducted with technical and management staff from
sugar mills, as well as with representatives of sugarcane grower organizations, addressing
aspects such as the perception of problems, recruitment efforts, incentives, technical
monitoring, technology use, and links with growers. As a complement to the main analysis,
a prospective analysis based on the Delphi method was implemented by consulting a
panel of eight experts selected by convenience sampling, based on their knowledge and
experience in decision-making within the sugarcane production system (Cabrera Palafox,
2022). The agreed-upon statements were analyzed using the Cross-Impact Matrix and
Multiplication Applied to a Classification (MICMAC) methodology, which allowed for
the visualization of influence and dependence relationships among variables (Godet, 2000;
Arango & Cuevas, 2012).

With the results, three prospective scenarios were constructed: sustainable consolidation,
competition and adaptation, and sugarcane recovery in the face of the crisis with agave
increasing production. Finally, the production profiles were cross-referenced with some of
the strategic factors found in the scenarios, to propose segmented and differentiated lines
of intervention, based on the experiences observed both in the field and in specialized
literature, in order to prioritize criteria of technical feasibility and operational capacity.

RESULTS AND DISCUSSION

Our main results are described based on the prospective scenarios created, and
discussion is structured around the elements identified as strategic for strengthening the
sustainability of the sugarcane supply system, in a competitive environment challenged by

production restructuring in the production systems.

Typology of producers

The pressure exerted by seemingly more profitable alternative crops has led to
heterogeneous behavior among sugarcane growers. To understand this, a typology was
constructed based on the variation in sugarcane cultivation area between 2014 and 2024
(Figure 1).

This segmentation allowed the identification of differentiated profiles of producers in
terms of their motivations and the scale on which those influence their relationships with

agribusinesses, and their participation in the regional sugarcane production system. Four
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# Social sugarcane growers
® Slable sugarcane growers

@ Diversifying sugarcane growers

Specialized sugarcane growers

Figure 1. Producer profiles according to the behavior of the recent area dedicated to sugarcane cultivation
(2024) compared to what was recorded as sugarcane cultivation in 2014.

profiles were distinguished. Social sugarcane growers: farmers with less than 3-hectares
cultivation areas who have maintained these areas constant, prioritizing the social benefits
associated with Mexico’s National Registry of sugarcane growers —such as medical care
provided by the government, pensions and subsidies—, over production profitability. They
mostly come from families who continue the traditional sugarcane production, with low
levels of technology, recording the lowest yields. Stable sugarcane growers: they grow
sugarcane in medium-sized cultivation areas with no variation over the period evaluated.
They are characterized by minimal technological adoption, risk aversion, and high
dependence on third parties for agricultural labors. Their main motivation is the certainty
of annual income derived from contracts with sugar mills.

The other two profiles described are Diversifying sugarcane growers: they are farmers
that have reduced their sugarcane cultivation area to incorporate other crops, mainly
agave. They are responsive to economic incentives, growing sugarcane as a backup crop.
These growers maintain higher yields than the previous groups and are open to adopting
new technologies. Finally, Specialized sugarcane growers: these large-scale farmers have
increased their sugarcane cultivation areas in recent years. They are focused on improving
yields, demonstrating greater investment capacity in cultivation and innovative agricultural
practices. In addition, they are often influenced by younger generations and adhere to a
more business-oriented approach in their operational models.

These differences influence how each producer profile relates to agribusinesses, also the
types of incentives that are attractive for their recruitment and retention as suppliers by the
sugar mills (Table 1).

Differentiated strategies of the sugar mills

Understanding how these profiles are configured allows us to assess the challenges
that agribusinesses face in their relationships with the production base; also, the strategies
implemented by each sugar mill to address these challenges. The sugar mills in the supply
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Table 1. Producer profiles and their strategic links in the sugarcane supply system of the evaluated sugar

mills.

Producer profile

Main motivation

Priorities of the

Tendency toward

producer loyalty to a sugar mill
Social sugarcane Social benefits Stability and access to .
. High
growers health services
Financial stability and Timely payments and Medium (depending on

Stable sugarcane
growers

secure annual income

economic security

payment punctuality
and transparency)

Maximization of

P . Low (th fe
Diversifying sugarcane household income - ow ¥ prefer
Profitability productive and
growers through moderate . -
diversification commercial flexibility)
- Increase in future Long-term Low (younger producers
Specialized sugarcane . .. .
rowers profitability through competitiveness and constantly seeking better
& specialization profitability conditions)

zone evaluated have adopted different strategies in response to the competitive pressure

generated by alternative crops. Although they operate in the same territory and under

similar environmental conditions, each sugar mill addresses the supply challenge from a

particular perspective (Figure 2).

i
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Figure 2. Comparison analysis of actions implemented by sugar mills to ensure sugarcane supply.
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Sugar Mill A perceives the problem as a long-term phenomenon linked to production
restructuring, a lack of generational continuity, and the weakening of loyalty of sugarcane
growers toward other production options. The loss of cultivation area represents the end
of long-term relationships historically built with producers, jeopardizing operational
continuity. In response, this agribusiness (Sugar Mill A) has opted to implement a strategy
centered on a supplier retention program that prioritizes administrative simplification,
the use of digital media for timely communication, and investments in improved technical
assistance and mechanization. It also includes close-service projects for producers and
satisfaction surveys; furthermore, it contemplates the application of tailored financial
incentives, advanced technical assistance, and preferential service for producers who
supply large volumes.

In contrast, Sugar Mill B addresses the problem from the perspective of operational
stability and competitive advantage over the other two mills. This industry recognizes
that, in a highly competitive environment, logistical efficiency and speed of collection
are as crucial as price or individual incentives. Therefore, it prioritizes retaining large
producers, who control the majority of the supply and represent lower logistical costs per
ton. To achieve this, it has established incentives such as tonnage bonuses, in-advance
payments based on committed volume, and preferential shifts for harvesting and hauling.
Furthermore, it organizes social events to improve perceptions within the community,
strengthening a sense of belonging to the agribusiness. The strategy includes harvesting at
the optimal age as a quality policy to avoid losses in the KARBE indicator (Standard base
recoverable sugar kilograms) that protects supplier income.

On their part, Sugar Mill C interprets the supply problem as a strategic opportunity to
differentiate from the competition through a close-service tailored approach. This sugar
mill acknowledges its limited supplier base, so it prioritizes direct, trust-based relationships
and personalized attention. This approach is attractive to producers who feel neglected
or overlooked by other industries. Sugar Mill C strategy is geared towards attracting and
consolidating new suppliers, especially those who value the availability of local offices,
flexible terms, and streamlined processes. This agribusiness has simplified administration
procedures, strengthening its territorial presence through service centers and comparative

advertising campaigns with the aim of improving perception of producers.

Prospective scenarios

Based on prospective analysis, the influential, dependent, and environmental variables
with the greatest impact on the regional sugarcane system were identified. Production,
technical, economic and institutional factors were considered. Among the statements
with the greatest differential impact that that outstand on influence from one scenario
to another, we identified the value of KARBE as an indicator of sugarcane yield ratio,
which is considered decisive for supplier loyalty toward an agribusiness and is associated
with producer profitability. Also, crop diversification, as a strategy reflecting the producer
tendency to diversify agricultural activity as a means of increasing family income; irrigation
and constant renewal, which have a high influence on sustainable consolidation due to

their close relationship with productivity; and simplification in administration procedures,



AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/21fq1863 157

influence

o

as part of the supplier retention strategy to improve the perception of producers to
agribusinesses.

Despite representing different trajectories that may not be mutually exclusive, these
three sugar mills agree that productive intensification is the main axis for maintaining
the profitability and competitiveness of sugarcane cultivation. In order to show how the
relationships among the statements from these agribusinesses are structured, a graph on
the influence vs. dependence function was generated, as a map which served as the basis
for constructing the prospective scenarios (Figure 3).

Based on the identified elements, three scenarios were constructed that project
opportunities and decisions that could influence the regional course of the sugarcane
production system in the coming years. In the “Sustainable consolidation scenario”,
sugarcane remains as the dominant option. Priority is given to supplier retention and
technological adoption is promoted, green harvesting, and intensification practices
compatible with a sustainable model. Intensification is a gradual process driven by the
adoption of technological innovations, plant varieties renewal, and the efficient use of
production resources.

The “Competition and adaptation scenario” describes the persistence of a high-
pressure environment caused by production restructuring toward alternative crops. This
forces agribusinesses to adapt their strategies, explore new incentives, and improve logistics
efficiency. Intensification is key to reducing costs, increasing productivity per hectare, and
retaining producers who prioritize efficiency and production competitiveness. Finally,
the scenario for “Sugarcane recovery in the face of an agave crisis” suggests a partial or
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Figure 3. Map of influence vs. dependence of the identified statements for the future of sugarcane production and supply

management.
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total return of cultivation area to sugarcane due to the decline in agave profitability. This
reincorporation requires favorable profitability conditions and support, through intensive
technical management, sugarcane varieties renewal, and logistics efficiency. Intensification
1s the means to ensure a return as part of a new production stage with improved conditions.

Although each scenario responds to different contexts, they all require key conditions
for restructuring or continuation in sugarcane cultivation, showing how to give direction
to the role of intensification (Table 2).

While an extensive expansion could be considered an option to ensure supply, according
to the Institute of Statistical and Geographic Information in Jalisco (IIEG Jalisco, 2018),
this region already has virtually all agricultural lands occupied by crops such as sugarcane,
agave, maize, chili peppers, among others. Therefore, adding new hectares of sugarcane
would require conversion processes from other agricultural uses. Additionally, another
factor limiting the expansion of the cultivated area is water availability, as the crop requires
approximately 1500 mm of annual rainfall for optimal development (CONADESUCA,
2015). However, the average annual rainfall is around 930 mm, making supplemental
irrigation essential (IIEG Jalisco, 2023).

Conditions for productive intensification

The main approach to intensification is based on the analysis of various arguments;
former Mexico’s Secretariat of Agriculture and Rural Development-SADER (2023)
mentioned that the average sugarcane yield of the state of Jalisco was around 84 Mg ha™!
in 2023. However, CONADESUCA (2016) stated that the varieties most commonly used
in Mexico (CP72-2086 and Mex 69-290) can achieve a potential average yield of 115 and
200 Mg ha™ !, provided that the agronomic management is optimal. This means there is
room to improve productivity through the adoption of technological innovations, technical
support, and new agricultural practices, such as plant renewal, precision agriculture,
irrigation modernization, among others. There are also conditions that compromise the
full utilization of productive potential. Garcia-Preciado ez al. (2017) indicated that in Jalisco,
approximately 50% of the sugarcane acreage depends on two varieties that have been used

for more than 30 years. The reduced genetic diversity and a low rate of seedling renewal

Table 2. Prospective scenarios of the sugarcane production system; environment, productive response and
the role of intensification.

Main environmental

Scenario . Producer behavior | Role of intensification
driver
Coordination and Gradual intensification
Sustainable support from actors and long-term As part of a planned and
consolidation within the sugarcane permanence in gradual strategy

system

sugarcane cultivation

Competition and
adaptation

Competitive pressure
from alternative crops

Partial production
restructuring toward
alternative crops

Becomes necessary to
maintain profitability
and competitiveness

Recovery following the
agave crisis

Decline in the
profitability of agave
cultivation

Partial or total return to
sugarcane

Key to capitalizing on
returning producers and
attracting new ones




AGRO PRODUCTIVIDAD 2026. https://doi.org/10.32854/21fq1863 159

have led to a decrease in sugarcane yield and quality. Vegetative material used for seedling
renewal mostly comes from commercial crops without formal certification protocols or
systematic use of seedbeds (Aquino ez al., 2021; Reyes-Hernandez et al., 2022).

In addition to agronomic and genetic improvements, it is important to consider that
increased production requires addressing operational aspects related to the efficient
logistics of cutting and transport to the mill. Efficiency during harvesting directly influences
yield both in field and sugar mill (Palacios-Vélez et al., 2011). Proper scheduling of cutting
operations and effective transport management reduce downtime between harvesting and
arrival at the mill, thus preventing losses of freshness that negatively impact industrial yield.
Those authors also suggest incorporating information systems to monitor and coordinate
the harvest in real time, achieving more efficient logistics and precise operational decisions.

While increased production is the common thread running through the possible
scenarios and strategies to be implemented, their success depends largely on the ability to
adapt to the diverse realities of the producer profiles conforming the supply system. Due
to there are marked differences in levels of technology, technical capabilities, motivations,
and even organizational structures. For intensification to effectively contribute to the
competitiveness and sustainability of sugarcane crop, it should be implemented through

differentiated intervention schemes tailored to each type of producer.

Possible strategic interventions differentiated by profile

Small-scale sugarcane farmers (Social growers) can benefit from the application of
basic technologies, as it was demonstrated with a model applied to small and medium-
sized sugarcane farms, where yields were improved through soil conservation practices,
localized fertilization, and green harvesting (Castelan-Estrada et al., 2016). This model
includes support and practical training to foster the building of improved agronomic skills.
Functional associations can also be incorporated, including the collective purchase of
inputs at preferential prices, the management of demonstration plots to replicate practices
under similar conditions, and the shared use of machinery, thereby improving territorial
integration and individual productivity.

For Stable sugarcane growers operating under traditional methods and exhibiting low
technological adoption, yields can be improved through practical, easy-to-implement, and
low-cost solutions; such as improving soil structure and nutrient absorption through the
incorporation of organic matter; proper waste management, or the localized application of
phosphate fertilizers (SAGARPA, 2009; IICA, 2019).

In a subsequent report, SAGARPA (2009) also suggested that producers with these
characteristics be served through agricultural extensionists with modular technical
support, the use of technical assistance teams, and agreements with sugar mills. This would
provide support in improving practices that could increase yields without creating greater
challenges. On their part, Fideicomisos Instituidos en Relacion con la Agricultura-FIRA
(2009) proposed a land consolidation plan that would group nearby plots belonging to
different owners to reduce operation costs for services such as mechanization.

The Diversifying sugarcane growers present an intermediate profile in terms of

technological use and openness to innovation. Therefore, it is recommended to implement
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technology transfer mechanisms and technical support without compromising its
profitability. According to Mejia et al. (2010) and Casteldn-Estrada et al. (2016), training,
monitoring economic results, and establishing demonstration plots, that allow visualization
of the benefits of improving productive efficiency from the supplier perspective, are usually
appropriate for this profile. FIRA (2009) and SAGARPA (2007) added that the incorporation
of digital crop monitoring platforms, the scheduling of harvests, or the management of
inputs; along with consolidated purchases of inputs and machinery, improved logistics,
and varietal renewal, all contribute to reducing costs per hectare, which positively impacts
profitability.

Specialized sugarcane growers represent a strategic profile for the sector due to their
more business-oriented approach, higher yields, and openness to models with more
advanced technology. IICA (2019) indicated that the implementation of technological
packages with technical assistance improves the quality, volume, and regularity of
sugarcane supply. Since this group shows favorable characteristics, their access to
financing is facilitated, to develop business models and participate in the production
of biofuels or fertilizers. Furthermore, they can play a key role in technology transfer
processes to the other producer profiles through peer-learning and demonstration plots
(SAGARPA, 2009).

Another factor to consider for the proper implementation of intervention strategies
and the formulation of initiatives is to rely on a production base that reflects the actual
structure of those involved in the supply system. One of the main challenges is recognizing
areas for current improvement and assessing the need to supplement or build a database
to focus services according to production capacities. Currently, the available registry
1s associated with the Governmental program “Produccion para el Bienestar” and the
Mexican Social Security Institute (IMSS) that execute administrative functions, such as
distributing subsidies and providing medical care, but do not allow for the identification
of active sugarcane producers. According to this data, 94% of producers have a maximum
of 5 hectares in sugarcane production, and only 4.42% belong to the Diversifying and
Specialized groups, who are the ones with the greatest potential to improve the supply
system. This record does not correspond to the reality observed in the field, but this
discrepancy is explained by the fragmentation of agricultural lands to maximize access to
government support.

Therefore, the initiative of the agro-industries is required to generate real records
that allow the identification of true producer profiles, thus providing timely service, as a

necessary condition to achieve a competitive and efficient sugarcane supply system.

CONCLUSIONS

This study confirmed that the sustainability of the sugarcane supply system in a highly
competitive region will depend on how relationships with producers are established. Each
producer profile expressed distinct motivations, scales, levels of loyalty, and technical
capabilities. This diversity demonstrated that formulating universal acquisition and

retention strategies is ineffective, because the real needs of each producer profile are not

addressed.
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Producers who respond mainly to social benefits were identified, but there are also
profiles with higher productive potential, such as diversifying and specialized sugarcane
growers. However, there are currently no indicators for the accurate evaluation of the
results and impacts of the strategies. This contributes to the supply problems and weakens
traditional governance.

The most immediate goal should be complementing and updating the National
Registry of sugarcane growers to identify active producers, which allow creating tailored
value propositions. In addition, the adoption of innovations is required, such as a complete
and updated geo-referenced database of lands dedicated to sugarcane cultivation, in order
to support an efficient supplier recruitment and retention of the younger producers who
have the ability to revitalize the sector.
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ABSTRACT

Objective: To analyze the relationships, current perspectives, and expectations of stakeholders and producers
engaged in the strawberry value chain in the municipalities of Maravatio and Tarandacuao, considering
environmental, social, and economic aspects, with the aim of understanding the challenges and future of
strawberry production in this important producing area.

Design/methodology/approach: Semi-structured interviews were conducted with stakeholders, focusing on
three dimensions: their role and relationship with producers, perspectives on the sector, and their vision for the
future. Producers completed a Likert-type survey on their environmental, social, and economic perceptions.
The information was then transcribed, and relevant ideas, concepts, and patterns in the interviewees’ narratives
were identified.

Results: Stakeholders believe that the sustainability of the value chain depends on investment in technology,
resource management, adaptation to climate change, and the adoption of innovations that improve production.
However, producers do not usually consider environmental issues, but rather economic and social ones.
Limitations on study/implications: The small size of the stakeholder group limits the generalizability of the
findings to other similar contexts.

Findings/conclusions: Although the activity has boomed and consolidated both nationally and regionally,
it faces structural constraints such as climate variability, water availability, lack of logistics infrastructure, the
presence of pests and diseases, and the need to standardize production practices. This could limit the long-term
sustainability of production.

Keywords: sustainable agriculture, agri-food chain, strawberry production.

INTRODUCTION
Strawberry production in Mexico is considered an activity of high economic importance
due to its intensive use of labor, not only at the production level but also in the industrial

sector. In addition, it is linked to a high demand for inputs, marketing, and transportation,

among other activities (Echanove Huacuja, 2001). Mexico leads strawberry production in
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Latin America, with an output of 541,552 t, followed by Brazil, Colombia, Argentina, and
Peru (FAO, 2023). In Mexico, the most important growing areas are located in Michoacdn,
Baja California, Guanajuato, Jalisco, and the State of Mexico (SIAP, 2023). The rapid
growth in strawberry demand has been supported by advanced technologies, improved
production practices, as well as genetic breeding programs (Agehara et al., 2020). However,
production also faces challenges such as climate variability, high use of agrochemicals and
water, labor shortages, and land availability (Samtani ez al., 2019). In this context, value
chain (VQ) analysis has gained increasing importance in agri-food research. Rojas Rojas &
Valencia Sandoval, (2022) mention that the description of a VC provides a detailed view of
its functioning, examining in depth who the direct and indirect participants are, their roles,
the market segments they target, the supporting services, and the governance dynamics
that regulate its operation.

However, Liverpool-Tasie et al., (2020) point out that there is a hidden link in agri-
food value chains, such as food processors, wholesalers, and logistics companies, which,
although they represent 40% of the VC, are often overlooked. This is despite the fact that
they constitute the closest connection between small-scale producers and the market,
and can encourage the adoption of sustainable practices, as well as contribute to higher
producer incomes. This is the case in the study area, where an agro-industry identified the
opportunity to incorporate small-scale producers into its value chain, generating a social
impact and highlighting long-term productive and sustainability potential through the
transmission of RA (regenerative agriculture) practices and the adoption of technologies.

The sustainable transition of food systems can be achieved through contract farming,
as agro-industries facilitate the dissemination of climate-smart practices and technologies
and enable small-scale farmers to meet phytosanitary, quality, and sustainability standards
(Schoneveld & Weng, 2023).

In the specific case of strawberries, the main production-level challenges include
extreme climatic conditions, the presence of pests and diseases, consumer preferences
regarding quality, and labor shortages. Therefore, as strawberry demand continues to
increase, production methods must adapt by incorporating new production systems
and technologies (Herndandez-Martinez et al., 2023). This can be achieved through the
interaction between producers and stakeholders; however, despite their importance,
stakeholders’ perspectives on current production have been poorly documented, as studies
usually focus on the producer link of the value chain.

The main reasons for collaboration in agricultural value chains are to improve market
access and product quality, and these collaborations are facilitated and encouraged
when supported by governmental and non-governmental entities (Mishra ez al., 2024).
For example, collaboration with research institutions has enabled the development of
pest-resistant varieties. Integration with marketing-related stakeholders allows market
diversification and brings producers closer to improved production practices as well as
certification schemes, while input suppliers promote innovations and the adoption of
technologies that increase productivity.

In the case of Mexico, it is crucial to promote collaboration with small-scale strawberry

producers in order to address challenges such as the lack of financial infrastructure,
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specialized machinery for harvesting, sorting, packing, and labeling, as well as the absence
of purchase contracts, agricultural insurance, and compliance with export standards
(Zamora Torres & Baez Figueroa, 2022).

The literature suggests that the establishment of new organizational mechanisms with
the potential to facilitate knowledge transfer constitutes the basis of systemic approaches
grounded in Agricultural Knowledge and Innovation Systems (AKIS). These systems
play a key role in knowledge transfer and the adoption of innovations, involving scientific
Institutions, public and private entities, technical advisors, and farmers (Mast et al., 2022).

This study analyzes the relationships, current perspectives, and expectations of
stakeholders and producers involved in strawberry production in the municipalities
of Maravatio and Tarandacuao, located in the states of Michoacdn and Guanajuato,
respectively. Environmental, social, and economic aspects are considered in order to
understand the challenges and future of strawberry production in this important producing

region.

MATERIALS AND METHODS

The research was conducted through semi-structured interviews with five stakeholders
involved in strawberry production in the municipalities of Maravatio and Tarandacuao,
located in the states of Michoacdn and Guanajuato (Figure 1). Stakeholders were selected
through convenience sampling, considering the connections that producers had with
them, their relevance in the sector, and their availability to provide information. To ensure
representation of different roles in the activity, the sample included participants from fresh
produce marketing, a fruit and vegetable processing agro-industry, a technical advisor
affiliated with an NGO, the manager of a RA program, and an input supplier.
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In addition, a survey was administered to 30 small-scale strawberry producers
participating in this program. The survey consisted of 15 items: 5 related to social
identification, 5 to environmental aspects, and 5 to economic aspects. Perception variables
were measured using a three-point Likert scale, with the following equivalence: 1 =disagree,
2=neither agree nor disagree, and 3=agree.

The selection allowed exploration of how stakeholders perceive their interactions with
producers, their perspectives on the sector, and their views on the future of production
in the area. Given the small number of interviews, priority was given to the depth of
information obtained. Malterud ez al., (2016) note that qualitative interviews can shift the
focus from the number of participants to the contribution of new knowledge derived from
analysis. In this sense, the greater the relevance and quality of the information available
for the study, the lower the need for a large number of participants. Therefore, the results
should be interpreted as part of an exploratory study, paving the way for future research
aimed at including a greater number of stakeholders per area, as well as stakeholders who
were not initially considered.

The interviews were conducted from July to September 2024, with each interview
lasting approximately 90 minutes. Interviews were carried out both in person and online,
and were recorded with the stakeholders’ consent, who were informed of the research
objectives and the importance of their participation.

The interview guide was designed based on literature on value networks and structured
around three main pillars: 1) the role and relationship of stakeholders with strawberry
producers; 2) perceptions of the current production situation; and 3) perspectives and
strategies for the future. This approach allows understanding not only the role of each
stakeholder but also the sustainability of the sector.

Each interview was transcribed, and the data were subsequently coded so that each
element received a representative attribute capturing the essence of the interviews. In
a second step, the codes were reviewed and organized to identify patterns within each
interview and to structure all relevant data (Saldafia, 2013). Stakeholder anonymity was
ensured by assigning a general description of their role, avoiding the use of the interviewee’s
name or the company where they work (Table 1).

For the surveys, the data obtained were organized and processed in Excel® for
Microsoft 365. Absolute frequencies were calculated for each response category of each

Table 1. Characterization of interviewed and surveyed stakeholders.

Actor Position/role Relationship with producers
Fresh strawberry marketer Supply Manager Direct purchase of fresh strawberries
Agroindustry Project Manager Regenerative agriculture project

management

Regenerative agriculture project

NGO Project Manager

management
NGO Agricultural coordinator Technical advice
Input supplier Independent consultant Technical advice

Producers Strawberry growers (30) Primary production
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item. This analysis allowed the distribution of producers’ perceptions regarding each

item to be 1dentified.

RESULTS AND DISCUSSION
Role and Relationship with Producers

Stakeholders agreed that the strawberry value chain in the region involves
stakeholders who add value and increase the efficiency of production processes. The
agronomist coordinator of the NGO highlighted the importance of supporting producers
in the implementation of good agricultural practices, as this not only results in high-
quality fruit but also improves the producers’ position in the market. Additionally, they
emphasized that:

“Technical monitoring allows producers to comply with food safety standards and obtain better
prices for their fruit.”

On the other hand, the fresh fruit buyer considers that their relationship with
producers is direct and based on trust, ensuring that the company they work for has a
consistent supply of fresh, high-quality strawberries. In this sense, although producers
export through intermediaries, long-term personal relationships are a fundamental
pillar in the integration of the value chain. In this regard, Pham & Anh, (2024) mention
that there are two stages in the buyer-supplier relationship: the first is the initial stage,
formed through empirical evidence and relational evaluation, and the second is a
maturation stage, in which trust is maintained through emotional ties and personal
experiences.

The agro-industry emphasizes its relevance in the chain by transforming and processing
fruit that is not marketed fresh, adding value to the product and ensuring food safety before
distribution. As Schoneveld, (2022) notes, inclusive agro-industries that connect small-
scale farmers help mitigate coordination difficulties as well as improve access to inputs and
markets.

One of the most important links in the agri-food supply chain lies at the interface
between farms and agro-industries, as this is the source of the raw materials necessary
to produce the current range of food products for human consumption. A significant
portion of the environmental impact at this point is due to the use of agrochemicals,
water, land, and energy associated with agriculture. For this reason, there is interest in
both sustainable agricultural practices and the transition to RA (Miranda-Ackerman et
al., 2019)

Consequently, the NGO and the agro-industry have implemented an RA program
with a group of small-scale producers. The NGO acts as a facilitator and coordinator,
connecting producers with buyers, providing training on sustainable value chains, and
offering technical support in the implementation of practices that enable this goal. The
NGO considers that through its activities, information asymmetries are reduced and

producers are kept informed about the quality standards required by the markets.
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Perspectives on Strawberry Production in the Area

Stakeholders agree that strawberry production in the area has experienced growth in
recent years, driven by both national and international demand. However, they are aware
that this rapid growth is not without challenges, such as the availability of inputs, the
current climate variability, water scarcity due to its irrational use in this and other crops in
the region, as well as logistical and transportation difficulties that hinder producers’ ability
to adapt to current demand.

The coordinator of the organization emphasizes that:

“Producers face challenges in quality standardization, but the training programs implemented
through the program have significantly improved their performance.”

Additionally, he emphasizes that technical training and continuous monitoring of
producers are of utmost importance, so that they adopt not only the practices but also the
technologies promoted by the program. Currently, producers lack awareness of the proper
management of pesticides and fertilizers and tend to use them excessively, as well as water,
due to inefficient irrigation control. However, producers do not perceive it this way, as
66.6% of participants report that they implement appropriate practices for pesticide and
fertilizer management and application.

Regarding water resources, 46.6% of producers consider that there are effective
measures for water conservation in production areas, and 33.3% disagree that
strawberry production contributes to the depletion of local water resources (Figure
2). Romero-Gdmez & Sudrez-Rey (2020) mention that measures should be taken to
improve environmental performance, such as optimizing fertilizer use through systems
that support decision-making on soil nutrient management, accompanied by training

programs for producers.

Government subsidies and support are sufficient and effective in promating...
There are sufficient accessible financing options to support exports
Demand for strawberries inthe export market is stable
International trade agreements have benefited exports
The crop is profitable and an attractive busine ss for investment
Production contributes to the depletion of local water resources
Agricultural practices in production are causing soil degradation
There are effective measures for water conservation in production areas
There are education and training programs on the safe handling of...
There are adequate practices for the handling and application of pesticides...
There are effective security measures in place to protect producers and...
It is easy tofind sufficient skilled labor for strawberry production
Mew technologies are equally accessible toall producers
The production area is considered safe
The presence of migrant workers contributes positively to the local community
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Figure 2. Economic, environmental, and social perceptions of producers. *The first five items refer to the economic dimension,
followed by the environmental items, and finally the social items.
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In addition, efficient water-use strategies should not only be directed at production
practices, but also involve the agro-industry promoting sustainability programs within the
value chain. Cano-Goémez et al., (2025) note that increasing difficulties arise from freshwater
scarcity and the high generation of agro-industrial waste, particularly that derived from
fruit and vegetable processing.

For its part, the agro-industry added that the adoption of technologies that ensure
uniformity and food safety is an indispensable requirement for accessing more competitive
markets at both the national and international levels. Producers recognize the need to
adopt technologies and innovations in strawberry production; however, half of them
mention that new technologies are not equitably accessible to all producers.

These findings relate to the concept of the “twin transition,” which seeks to link digital
technologies with sustainable development, highlighting the importance of developing
appropriate strategies aligned with the characteristics, objectives, and technological
capacities of companies in order to overcome challenges in digitalization. This approach
also emphasizes that the transition requires strategic guidance to manage technological
expansion according to the nodes and stakeholders within the supply chain, since their
scope and efficiency may limit or enhance the capacity to achieve sustainability and,
consequently, the Sustainable Development Goals (Myshko et al., 2024). In this sense, the
results of the study show that the implementation of the “twin transition” in food value
chains depends not only on the availability of technology, but also on the adoption capacity
of small-scale producers.

Stakeholders highlight that relationships among themselves and with other
stakeholders can directly influence the improvement of producers’ competitiveness. In
this regard, Pefia e al. (2008) mention that value chains in the agri-food sector must go
beyond simple vertical integration, as they require coordinated efforts from all companies
involved in the chain. In addition, the availability of information is vital at each link
of the chain, as it allows stakeholders to identify changes in consumption trends. The
objective of these dynamics is to increase product valorization by promoting added value
through innovation.

For example, the fresh strawberry buyer mentioned that ensuring product quality from
the field allows logistics planning and reduces losses from farm to table, which in turn
guarantees market stability.

Future Perspectives in Production

Stakeholders identified opportunities to strengthen the strawberry value chain and
ensure its long-term sustainability. These include crop diversification to maintain soil
health, digitalization of marketing processes, and the opening of new international markets.
The NGO’s technical advisor emphasizes that:

“The use of digital platforms allows producers to reach buyers who were previously inaccessible.”

Consequently, itis evident that the use of technology would help reduce the trade barriers

faced by small-scale producers. On the other hand, significant structural challenges were
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also mentioned, such as: water availability and climate variability affecting production
cycles and fruit quality; limited access to inputs and specialized services necessary to
improve production methods that ensure soil and environmental health; competition for
land use due to the specialization of other crops; and the need for adequate infrastructure
to reduce losses and maintain fruit quality.

Regarding the continuity of strawberry production in this area, opinions suggest that if
producers maintain good production practices, the region will continue to be a reference
for strawberry production at the national level. This aligns with Ilari et al. (2021) who
indicate that by managing the type and quantity of pesticides used in production, residues
can be minimized not only in the product but also in the soil, thereby obtaining a safer
and more sustainable product, while also strengthening cooperation mechanisms among
stakeholders.

However, they consider that the sustainability of the value chain depends on investment
in technology, resource management, adaptation to climate change, and the adoption of
innovations that improve production. To achieve the transition to sustainable agri-food
value chains, the focus should be on improving agricultural practices and consumer food
choices, making it necessary to integrate stakeholders situated between producers and
consumers to act as active agents of this transformation (Barrett & Gémez, 2025).

Regarding the long-term continuity of producers, environmental issues are not
usually prioritized; rather, economic aspects are considered. Currently, 60% of
interviewees perceive that export market demand for strawberries is unstable, 76.6%
indicate that there are few accessible financing options to support strawberry exports,
and 90% consider that government subsidies and support are insufficient. In addition,
they identify production-related problems linked to insecurity in production areas.
Therefore, they consider it necessary to include other stakeholders and actions oriented
toward the economic and social dimensions of sustainability (Figure 3).

Stake holder interaCtlan
dimensions
Fresh strawberry
marketer

- - --

--

Figure 3. Traffic-light diagram of thematic axes among stakeholders and producers.
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CONCLUSIONS

The analysis of stakeholder interviews allowed the identification of their interactions
with producers in the region. Each stakeholder performs differentiated but connected
functions, as their role focuses on ensuring fruit quality, facilitating market access, and
promoting practices and innovations that enable the sustainability of the value chain.
Consequently, competitiveness in the sector depends not only on the producers but also on
the coordination among stakeholders.

Although the activity has experienced growth and consolidation at both the
national and regional levels, it faces structural constraints such as climate variability,
water availability, lack of logistical infrastructure, the presence of pests and diseases,
and the need to standardize production practices. These factors could limit long-term
sustainability in production. Therefore, efforts should be combined to foster greater
cooperation among all stakeholders involved in the sector, including government
entities and others that can provide producers with access to financing. In addition,
investment is needed in the adoption of sustainable practices and technologies that
strengthen producers’ technical skills. However, the future will not depend solely on
knowledge transfer by stakeholders, but also on the adoption capacity of producers.
Therefore, collective efforts are required to address environmental, organizational, and
commercial challenges.

Understanding and recognizing the links within the sector is key to designing strategies
that strengthen regional competitiveness and ensure its long-term sustainability. In
addition, to achieve the objectives set by the NGO and the agro-industry, a series of
tasks must be undertaken, including improving access to financing, promoting greater
adoption of technologies and RA practices, incorporating biofertilizers and biostimulants,
implementing efficient irrigation, rotating crops, and ensuring supplier commitment to the
agro-industry. Furthermore, the establishment of associations and collaborative networks
will help strengthen the adoption of good production practices without compromising
yield, while improving marketing conditions.
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ABSTRACT

Objective: to evaluate the private, social and environmental profitability and competitiveness of the production
systems of native (Creole) and improved (modified) grain maize in rainfed and irrigated regimes in San José de
Gracia, Aguascalientes.

Design/Methodology/Approach: for data collection, participant observation techniques, surveys
and official sources from Mexico’s National Foreign Trade Information System (SNICE), and the Tax
Revenue Administration Service (SAT) were applied. A specific questionnaire was designed for grain
maize producers in San José de Gracia to record inputs and production costs. Environmental (reduction
of agrochemicals) and private assessments were performed with the Policy Analysis Matrix (MAP)
methodology. The social analysis was based on the SAGARPA-FAO methodology for intermediate
inputs, considering variables such as tariffs, taxes, inputs, subsidies, insurance-freight costs, transport
costs, fuel prices and exchange rate.

Results: a 64.9% of grain maize production was profitable, competitive, and efficient. The presence of
agricultural policies and market distortions improved profitability by 37.43% and competitiveness by
12.08% of grain maize production. On the other hand, these indicators were reduced by 20% and 5.3% when
implementing environmental strategies.

Findings/Conclusions: at market and economic prices, the improved grain under irrigation presented the
highest profitability and the Irrigated Creole system, the greatest competitiveness. In the environmental
analysis, the Creole grain maize production system under irrigation showed competitiveness and profitability.
However, these indicators were below the values assessed at private costs.

Keywords: sustainability, agricultural policy, private cost, social cost, environmental cost.

INTRODUCTION

The production of grain maize in Mexican agriculture presents a constant dynamism in
the technological, organizational and competitive spheres, moreover after the commercial
opening of Mexico in 1994 (De Grammont, 2010; Gonzdlez & Alferes, 2010). This crop has
not only been fundamental for food security, but also a central element in the construction

of the country’s cultural identity. Along these lines, Mexico’s Secretariat of Agriculture
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and Rural Development (SADER, 2023) emphasized that maize, in addition to being a
staple in the national diet and a cultural reference, constitutes a strategic component of the
Mexican economy.

However, the use of some production inputs in agriculture, such as commercial
agrochemicals, has negative impacts on the environmental system (del Puerto et al., 2014),
which compromises the productivity and profitability of the sector in the short, medium
and long term.

During the first two decades of the twenty-first century, the state of Aguascalientes
experienced economic growth driven by a transition to industrialization, with special
dynamism in the automotive sector (Lépez, 2017). This process had a direct impact on
agriculture activities, as the population employed in the primary sector decreased from 6%
of the state totalin 2013 to 3.8% in 2024 according to Mexico’s National Institute of Statistics
and Geography (INEGI, 2014, 2025). In contrast, employment in the manufacturing
sector registered a 2.2% increase in the same period, which reflects a progressive transfer
of the rural labor force to this sector. As a result, a growing desertion from agriculture
was observed, with negative effects on the profitability of grain maize production in the
municipality of San José de Gracia.

Another relevant phenomenon was the economic diversification of some producers
towards religious tourism, based on the declaration of San José de Gracia as a Magical
Town (Vargas & Rodriguez, 2021). This reorientation reduced attention to agricultural
production processes and drove a 62% decrease in the area planted with grain maize.
Grain yield decreased from 3594 ha™ ' in 2014 to 1366 ha™ " in 2024, according to Mexico’s
Agrifood and Fisheries Information Service (SIAP, 2025). Such a reduction impacted both
the profitability and competitiveness of producers dedicated to this crop.

Currently, agriculture develops within the framework of an international trade network.
This requires the implementation of strategic policies that promote sustainable production
at the local and national scales. In this context, to provide a comprehensive evaluation
of the current situation of grain maize production, providing farmers and agricultural
policymakers with well-founded arguments to identify opportunities that improve
profitability and competitiveness for this crop, the objective of this research was to evaluate
the private, social, and environmental profitability and competitiveness of the production
systems of native (Creole) and Improved (modified) grain maize in rainfed and irrigated

regimes in San José de Gracia, Aguascalientes.

MATERIALS AND METHODS

The research was conducted in the municipality of San José de Gracia, Aguascalientes,
under a semi-humid temperate climate in the western zone and a temperate semi-
dry climate in the remaining semi-flat zone, at an average 17 °C annual temperature
(INEGI, 2024a).

The sample size was determined by applying the formula developed by Aguilar
(2005), which is based on the calculation for finite populations, guaranteeing municipal

representativeness.
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ZQNpg
n =
(N=1d*+ 7 pq

where: n=sample size (85); N=maize grain production units (762); Z=confidence level

(95%); d=absolute accuracy 0.1; and ¢=0.5 expected ratio.

The number of production units that constituted the population was taken from data of
Mexico’s National Institute of Statistics and Geography (INEGI, 2024b).

Surveys were administered through chain sampling. This technique, as it is based
on reference networks (Arrogante, 2022), facilitated the participation of rainfed
producers, who formed 78% of the sample, compared to 22% of producers with an
irrigation regime.

The research was based on the analysis of profitability and competitiveness of four
production systems of grain maize: 1) Rainfed Native (Creole) grain maize; ii) Irrigated
creole grain maize; ii1) Rainfed Improved grain maize; and iv) Irrigated improved grain
maize. The production systems Irrigated Creole grain maize (i) and Rainfed improved
grain maize (iii) were also evaluated environmentally; this meaning a decrease in the
application of commercial agrochemicals in the cultivation activities of both systems in the
municipality.

In order to determine the predominant activities and factors in the production of
grain maize, information was collected by administering a specific questionnaire to maize
producers of San José de Gracia (Aguascalientes, Mexico), and the national accounts for
this crop, which provided the technical support for the construction of a matrix for policy
analysis (MAP). This was created based on area planted, costs of tradable inputs, costs of
factors of production, profits, volume of production, yields, taxes and subsidies.

After the MAP (Monke & Pearson, 1989) was integrated, we performed statistical analysis
with SPSS v.27 (@¢=0.05). Economic (Private) profitability was obtained by discounting
private costs from private income. Social profitability was obtained by discounting social
costs from incomes measured at social prices. Net transfers were obtained from the
difference between private and social profitability. Private and social competitiveness were
determined by the benefit/cost ratio (Table 1).

In accordance with the methodology proposed by Mexico’s Secretariat of Agriculture,
Livestock, Rural Development, Fisheries and Food, and the United Nations Food and
Agriculture Organization (SAGARPA & FAO, 2008), social prices were estimated for
the valuation of intermediate inputs. To this end, government sources were used, such
as Mexico’s National Foreign Trade Information Service (SNICE, 2022) and Mexico’s
Tax Revenue Administration Service (SAT, 2022), from which information was obtained
regarding tariffs, taxes, inputs, subsidies and exchange rates.

The environmental assessment was developed through the MAP, in which the
application of agrochemicals such as Sealant and Cypermethrin was reduced, as the use of
production factors such as labor increased, by encouraging producers to do so. Therefore,

in rainfed conditions, this analysis was called MAP environmental evaluation.
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Table 1. Policy Analysis Matrix to evaluate production systems of grain maize in San Jose de Gracia,

Aguascalientes, Mexico.

Income Costs Profitability
Tradable inputs Factors of production
Private prices A B C D
Social prices E F G H
Divergences 1 J K L
Private Profitability D=A-B-C
Social Profitability H=E-F-G
Transfers through the product I=A-E
Transfers through inputs J=B-F
Transfers through factors of production K=C-G
Net transfers L=D-H
L=I-J-K

Source: modified from Monke & Pearson (1989).

To assess the status of grain maize production, we used the summary coefficients

proposed by Monke and Pearson (1989).

Nominal Protection Coefficients (NPCs) for commercial products and inputs;

This indicator reflects the impact of fiscal policies on products and inputs, either through
subsidies or taxes. Regarding the NPC for products, the value of NPC>1 indicates that
the market price is higher than the social price. On the other hand, a value of NPC<1

for tradable inputs indicates that their market prices are below those that would prevail

without the intervention of such policies.

Income at private prices

NPC products =

Income at social prices

Cost of tradable inputs at market prices

NPC inputs =

Cost of tradable inputs at social prices

Effective Protection Coefficients (EPCs) which allow for a comprehensive evaluation

of the incentives granted to producers. The value of EPC>1 reflects the presence of

subsidies to producers, while a EPC<1 value gives evidence regarding the application of

taxes to producers.

_ Income — Cost of tradable inputs at market prices

EPC

~ Income — Cost of tradableinputs at social prices

Coefficient of the Cost of Factors of Production (CFP) that is a measure of

efficiency and the presence of comparative advantages in agriculture production. The

value of CFP>1 indicates that the value of the factors used in the production process
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exceeds the value added, when calculated at social prices. On the other hand, a CFP<1

indicates that the producing area has comparative advantages in the crop analyzed.

CFP = Cost of the workforce + Cost of capital
~ Income— Cost of tradable inputs

RESULTS AND DISCUSSION
Profitability and private competitiveness of grain maize

Private profitability of grain maize expressed the economic situation of agricultural
private producers (Table 2). This assessment considered the costs of tradable inputs, factors
of production, and government inputs.

Under the irrigation regime, the costs averaged at 24 116.83 MXN § ha™'; on the other
hand, in rainfed regime costs reached an average of 9879.025 MXN $ ha™'. The cost
analysis indicated that the farmers with the highest profitability and competitiveness were
those who obtained higher grain maize yields, despite they paid high total costs.

At market prices, 64.9% of the grain maize produced in San José de Gracia was
profitable; which was the corresponding to the systems under irrigation. The improved
grain with irrigation system presented the highest yield with 7.2 tons (Megagrams) per
hectare [Mg ha_l]. Regarding competitiveness, the production system of Creole maize
under irrigation reached 83.3%, which represents the greatest private competitiveness with
an economic recovery of 78% for each $ MXN (Mexican peso) invested.

At the opposite extreme of the range, the rainfed systems lacked profitability and
competitiveness, registering an average yield of 0.525 Mg ha™!. These systems presented
economic losses when investing in agricultural production, estimating that, on average,
0.65 $ MXN is lost for each Mexican peso invested. This can be attributed to irregular
rainfall in the region, and to the lower use of inputs in this small-scale production.

The production system of irrigated Creole maize, evaluated from an environmental
perspective, showed profitability and competitiveness, with a cost of compliance with
the environmental standard of 2815 $§ MXN per hectare. In contrast, the improved
(modified) grain maize in rainfed condition lacked profitability and competitiveness,
recording an environmental cost of 3588.75 $ MXN ha~!. Overall, the environmental
assessment showed no evidence of improvement in these indicators; moreover, an
average reduction of 20% in profitability and 5.3% in competitiveness was observed, at
market prices.

Table 2. Budget for grain maize production systems at private prices, and environmental evaluation in San Jose Gracia, Aguascalientes, Mexico.

Production systems for grain maize

i) Rainfed ii) Irrigated iii) Rainfed iv) Irrigated Irrigated Creole Rainfed improved
Creole Creole Improved Improved (Environmental) (Environmental)
Profitability . - -
MXN $ ha™! —7948.0 17 761.0 —4980.05 18 215.33 15 496.60 —5216.25
Competitiveness 0.32 1.78 0.38 1.71 1.70 0.35

Creole: native grain maize; Improved: modified grain maize variety.
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In the national private production of grain maize, competitiveness reached 72.3%
and profitability 86.9% (Gonzdlez & Alferes, 2010). With these values as reference, the
municipal production we evaluated, presented levels of profitability and competitiveness
lower than the national averages of Mexican grain maize production. These results suggest
the need to improve management practices and strengthen policies and support to bring
local indicators (at San Jose de Gracia, Aguascalientes) closer to domestic values (Mexico’s

national scale).

Social Profitability and Competitiveness of grain maize

Social profitability and social competitiveness of grain maize production were estimated
under social efficiency prices, that is, without the influence of market distortions or public
policies (Table 3).

This approach made it possible to contrast the results obtained with the actual situation
of the producers; as well as, discussing to what extent Mexican Government interventions
modified the economic viability of grain maize cultivation.

Compared to the private analysis, profitability and social competitiveness both registered
reductions (37.43% and 12.08%). The production system of improved grain with irrigation
showed the highest social profitability, followed by the Creole in irrigation system. In
contrast, the production systems under rainfed condition did not present competitiveness
or profitability. Social costs under rainfed conditions reached an average 10 158.17 MXN
$ ha”'; on the other hand, irrigation costs averaged 26 377.03 MXN $ ha™'.

Production under irrigation regimes obtained average social benefits of 0.54 MXN
ha™! (i.e. 54 cents for each Mexican peso invested per hectare). On the other hand, the
systems under rainfed conditions lacked competitiveness, which translated into average
economic losses of 70% MXN $ ha™' [70 cents for each Mexican peso invested per
hectare] (Table 3).

The Irrigated Creole production system, when it was environmentally evaluated at
social prices, maintained profitability and competitiveness, even considering the cost of
compliance with the standard for sustainability (2818 MXNha 1. Thislevel of performance
reflects greater resilience to environmental demands and a solid productive capacity
to adapt. In contrast, the improved maize in rainfed condition presented unfavorable
indicators, with a cost for compliance with the environmental standard of 791.65 MXN
ha~'. This is evidence of, even though the environmental cost was lower, low productivity

prevented achieving conditions of profitability and competitiveness.

Table 3. Budget for production systems of grain maize at social prices, and environmental evaluation in San Jose Gracia, Aguascalientes, Mexico.

Production systems of grain maize

i) Rainfed ii) Irrigated iii) Rainfed iv) Irrigated Irrigated creole Rainfed improved
Creole Creole improved improved (environmental) (environmental)
Profitability
MXN § ha™! —9095.14 14 003.87 —5391.20 14 902.08 11130.37 —6236.15
Competitiveness 0.23 1.54 0.36 1.55 1.43 0.31

Creole: native grain maize; Improved: modified grain maize variety.
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This difference underscored the structural vulnerability of rainfed production systems
and highlights the importance of strengthening technological water management in these
schemes to prevent sustainability requirements from becoming an additional barrier to

their economic viability.

Net Transfers: Grain Maize

The benefits transferred to grain maize production systems by Mexican Government
market policies were assessed at private prices (Table 4). Creole grain under irrigation
showed the highest transfer, with a benefit of. 21.15%, followed by the improved grain in
irrigation system (18.18%); then the rainfed Creole (14.43%), and the rainfed improved
grain (8.25%). All of this shows the significant differences of the influence of government

policies and the market on each production system.

Efficiency of grain maize production systems

Local grain maize producers obtained private support through the prices of the
products. In contrast, the rainfed production system of improved grain maize did not show
such economic aids, since its nominal protection coefficient for the commercial product
was equal to 1 (Table 5).

The level of input prices for the irrigation and rainfed regimes were below the prices
obtained in the absence of market distortions and Government policies. This indicated
the presence of subsidies, reflected in the nominal protection coefficients for products and
tradable inputs whose values were less than 1. Overall, the nominal protection coefficients
for products and inputs showed that the production systems of grain maize, irrigated creole,
rainfed improved, and irrigated improved, received economic supports, while the creole

grain maize production system in rainfed condition presented levies.

Table 4. Net transfers for grain maize cultivation in San Jose de Gracia, Aguascalientes, Mexico.

Rainfed Creole | Irrigated Creole mPi)aj:ge;rain im;::\i/g(’ea(‘it;iain
ﬁ;ﬁcﬂfgzﬁﬁ"‘bﬂity —7948 17761 —4980.05 18215.33
;Z;i gr}?;“lfaibility —9095.13 14003.86 —5391.20 14902.08
ﬁ;&ggn}iil 1147.13 3757.13 411.15 3313.25

Table 5. Summary coefficients for the production systems of grain maize in San Jose de Gracia,
Aguascalientes, Mexico.

. Nominal Protection Coefficient | Effective Protection | Costs of factors
Production system . q
Product Input Coefficient of production
Rainfed Creole maize 1.36 0.96 0.23 —5.00
Irrigated Creole maize 1.01 0.81 1.17 0.38
Rainfed Improved maize 1.00 0.81 1.51 7.52
Irrigated Improved maize 1.05 0.92 1.13 0.42
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The combined effects of the policies on tradable goods markets indicated that only the
rainfed creole maize producers faced levies, since the value of their EPCs turned out to be
less than 1. The value of EPC<1 can be attributed to the fact that the budget of the net
supports was insufficient. This can be explained by the absence, or inadequacy of direct
subsidies, as well as by market distortions or low-cost imports.

The grain maize production systems under the irrigation regime showed comparative
advantages because they yielded coefficients of cost of the factors of production less
than 1, around the levels reached at the national scale, 43.2% (Gonzadlez and Alferes,
2010). However, these indicators (profitability, competitiveness, and efficiency) are
insufficient compared to other competing sectors of the labor market, such as the
automotive industry or the local religious tourism, which are respectively 166% and
320% more profitable. In regard to the wages per agricultural worker, they obtained
average benefits of 36.16 monthly minimum wages, while the automotive industry
and religious tourism pay respectively, amounts of 47.68 and 77.13 minimum wages.
According to Mexico’s National Commission on Minimum Wages (CONASAMI,
2023), the minimum wage in 2024 was $ 248.93 MXN, which indicates greater benefits
and economic opportunities for workers in the manufacturing and tourism production
chains (SALARYEPLORER, 2024).

CONCLUSIONS

At market and private prices, the irrigated improved grain production system presented
the highest profitability, whereas the irrigated creole grain production system was superior
for greater competitiveness. In the environmental analyses, both systems under irrigation
regime maintained conditions of competitiveness and profitability. However, these
indicators were lower compared to those obtained in the evaluation at private prices.

As a recommendation, it is suggested to implement policies and support that allow
producers to internalize environmental costs without compromising profitability and
competitiveness. This can strengthen the economic and environmental sustainability of
grain maize production, as well as improve the resilience of irrigation systems while facing

productive and climatic challenges.
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ABSTRACT

Objective: to determine the key genetic pool areas that harbor populations of wild relatives of cotton in
Mexico, through GIS and modeling.

Design/ Methodology/ Approach: a database with 2594 records of collections of the genus Gossypium was
used, the data were obtained since 1933 up to 2024. A map was created to visualize the geographical distribution
of the species and another for genetic diversity where the Shannon diversity index (SDI) was applied.
Results: an 80% of the records of wild relatives of cotton are conformed by Gossypium hirsutum (58.8%), G.
aridum (14.1%) and G. davidsonii (6.7%), confirming that Mexico is the center of diversity for G. hirsutum. Five
key areas with very high genetic diversity were identified in the states of Oaxaca and Michoacdn.
Limitations/Implications of the study: the target of this study were only wild populations, it did not evaluate
GMO’s genetic cross-contamination. However, the study emphasizes the importance and role of cotton genetic
pools that are still preserved in natural populations. This may lead decision making towards the need for
conservation areas in public policies.

Findings/Conclusions: five key areas with very high genetic diversity were identified in the states of Oaxaca
and Michoacdn. In the states of Guerrero, Baja California Sur and Sonora, areas with a high concentration
of some Gossypium species were identified, and therefore could be considered key areas for the conservation of
Gossypium genetic diversity.

Keywords: conservation, genetic pool, spatial distribution, Gossypium, Shannon Diversity Index.

INTRODUCTION

At the beginning of the 16" century, Mexico was inhabited by cultures with diverse
political, social, agricultural, and economic systems. The development of these cultures
was favored by the varied natural conditions that offered a wide diversity of native plants,

which allowed for their use and domestication. Such as maize, beans, chili peppers, squash,
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cotton, amaranth, and cacao, among others, which have made significant contributions to
global agriculture and food security (SNICS, 2020).

There are about 50 known species of cotton (Gossypium spp.). The centers of greatest
species richness of the genus Gossypium are found in Central and South America, 18 species;
Australia 17 species, Northeast Africa and Southwest Arabia, 14 species. In Mexico,
according to the Germplasm Resources Information Network (GRIN), the USDA’s
Agricultural Research Service reported 15 out of the 18 existing cotton species in Gentral
and South America, distributed across 87% of the US national territory (USDA-ARS,
2024). The highest concentrations of wild cotton relatives are located in the southeastern
region of the country (Coppens d’Eeckenbrugge & Jean-Marc, 2014).

The two most cultivated species are G. hirsutum and G. barbadense. For G. hirsutum,
the center of origin and greatest diversity is recorded as located in Southern Mexico and
Central America. Its possible center of domestication is located in Southeastern Mexico,
in the Yucatan Peninsula. And the species G. barbadense comes from Peru.

In Mexico, the first region where cotton is believed to have been cultivated was Veracruz
in the 16" century. From 1860 onward, interest in its cultivation increased considerably
in various regions of the country (CIBIOGEM, 2014). The Comarca Lagunera (a region
encompassing parts of Coahuila and Durango), Chihuahua, Sinaloa, Sonora, Baja
California, and Tamaulipas have been the main producing states. Records also exist of
cotton cultivation in Gampeche, Colima, Chiapas, Michoacan, Nuevo Ledn, San Luis
Potosi, Veracruz, and Yucatan (INEGI, 1994).

Between 1950 and 1969, approximately one million hectares (ha) were planted (INEGI,
1994). From 1970 onward, the planted area began to decline, and by the 1980s only 300 000
ha were cultivated, a figure that dropped to 82 000 ha in 2000 (INEGI, 1994). This decline
and gradual abandonment of cotton crop was due to factors such as the uncompetitive
international price of this fiber, caused by a rapid substitution with synthetic fibers. Also, by
the emergence of pests, which led to the use of high doses of agrochemicals that increased
production costs (Reyes et al., 2010).

In 1996, with the planting of 896 hectares, Mexico began cotton production using
genetically modified (GM) seeds of the species G. hirsutum, resistant to pests and tolerant
to diseases, to reduce production costs (SNICS, 2020). By 2024, cotton production had
recovered, approximately 240 000 hectares were planted, 96% of which used GM seeds
(SIAP, 2024). Genetically modified cotton is not cultivated in Oaxaca, Chiapas, and
Yucatan, rather wild G. hirsutum populations still exist.

One of the risks of genetically modified crops is that the genes can be introduced into
the diversity of wild plants and conventional crops grown in a region, potentially leading
to genetic contamination (Pons, 2021). Ulloa ez al. (2006) observed that the expansion of
GMOs cultivation has increased the risk of loss of native varieties, as it can cause genetic
erosion. For this reason, it is important to consider countries that are centers of origin and
genetic diversity, such as Mexico (Pérez et al., 2016).

Regarding this aspect, the Mexican Biosafety Law for Genetically Modified Organisms
(LBOGM) establishes criteria for determining the centers of origin and genetic diversity

of crops. According to this Law, a center of origin is defined as a geographic area where
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the domestication process of a given species took place. Whereas, a center of genetic
diversity is defined as a geographic area where considerable morphological and genetic
diversity exist for certain species. This site 1s characterized by harboring populations of
wild relatives that together constitute a genetic pool. Due to the importance of identifying
key genetic pool areas to prevent the establishment of transgenic commercial crops in
their vicinity, this research was designed to provide information for defining public
policies for the sustainable production and use of cotton, as well as for the conservation
of cotton genetic diversity in Mexico. The objective was to determine the key genetic

pool areas that harbor populations of wild relatives of cotton in Mexico, through the use
of GIS and modeling.

MATERIALS AND METHODS
Database integration

A database was compiled with 2594 records of collections of the genus Gossypium.
The data started in 1933 and were collected up to 2024, of which 801 records came from
the Conservation Centers Network, coordinated by the Subcommittee on Agricultural
Genetic Resources of Mexico’s Secretariat of Agriculture (by email communication);
946 records from the National Biodiversity Information System of Mexico’s National
Commission for the Knowledge and Use of Biodiversity, under the Secretariat of
Environment and Natural Resources (CONABIO, 2024); and 847 records proceed from
the WNOO3 Project of Mexico’s Conservation Program of Wild Populations of the genus
Gossypium in Mexico, under the National Commission for the Knowledge and Use of
Biodiversity (CONABIO, 2022).

The database included variables such as biological complex, biological status,
state, municipality, and origin (locality), in addition to identification data and location
coordinates. Duplicated records and those lacking a collection number or code, collection
year, or collector identification were eliminated. Likewise, some errors when records were
geographically referred, such as those located in inland water bodies or outside municipal
boundaries, were identified and corrected. To ensure data accuracy, a detailed verification
was performed at municipal scale using the Mexico’s National Geo-Statistical Framework,
integrated to Mexico’s National Geo-Statistical Information System, created by Mexico’s
National Institute of Statistics and Geography (INEGI, 2023). Finally, those records
classified as ‘non-wild’, ‘feral’, ‘cultivated’, or ‘semi-domesticated’ were excluded. The final
database consisted exclusively of wild individuals and comprised a total of 1385 records
corresponding to 13 species (Table 1).

In order to systematize the information, the records were classified according to state
of origin and species. Then, a temporal classification of the species (by year of record
collection) was performed. For this, Jenks’s natural break optimization method (Jenks,
1967) was used. This statistical algorithm objectively identifies the optimal breakpoints in
the data, resulting in five time intervals that maximize the variance between groups and
minimize the variance within each group. This ensures that the resulting interval groups

are statistically distinct, internally consistent, and significant.
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Table 1. Number of records of wild relatives of cotton (Gossypium spp.) in data
obtained since 1933 to 2024.

Number Species Number of Value in
records database (%)

1 G. hirsutum 815 58.8

2 G. aridum 195 14.1

3 G. davidsonii 93 6.7

4 G. harknessii 74 5.3

5 G. thurberi 49 3.5

6 G. gossypioides 45 3.2

7 G. lobatum 33 24

8 G. laxum 29 2.1

9 G. armourianum 14 1

10 G. trilobum 14 1

11 G. schwendimanii 11 0.8

12 G. barbadense 9 0.6

13 G. turneri 4 0.3
Total 1385 100

Areas with populations of wild relatives

To visualize the geographic distribution of the 13 species of wild relatives of cotton,
the 1385 records from the final database were used, and a map was created using the
open-source GIS software QGIS (2024). A diversity map was then generated, calculating
the Shannon Diversity Index (SDI) with a spatial resolution of 33X 33 km?, using DIVA-
GIS, another open-source module (Hijmans, 2024). This index is widely used to quantify
species biodiversity (Pla, 2006). A value trending towards 1 indicates very high diversity,
while a value trending towards 0 indicates low diversity, since it considers both the number
of species present (richness), and their relative abundance (evenness). This map shows how

species diversity and richness are distributed in a given area.

RESULTS AND DISCUSSION

Table 2 and Table 3 show the reclassification of records based on the state of origin,
species, and year of the record. Thirteen species of wild relatives of cotton were identified
(Table 2), with a significant degree of updating, as 50% of these were recruited between
2009 and 2024 (Table 3). This number and type of species identified coincides with Pérez
et al. (2016), whose study considered cotton records collected since 1978 to 2006.

However, these results do not include the presence of two species, Gossypium raimondii
with distribution records in the State of Mexico, and G. lanceolatum with distribution
records in Michoacdn and Nayarit, which are reported, as part of the 15 cotton species
distributed in Mexico, by the US Germplasm Resources Information Network—GRIN
(Campbell et al., 2010; USDA-ARS, 2024).

Results showed that 80% of the records of cotton wild relatives are concentrated in
three species G. hirsutum 58.8%; G. aridum 14.3% and G. davidsonii 6.7%. This reflects the
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Table 2. Classification of records according to the Mexican state of origin and the species of the genus Gossypium.

Species
g e
exican state g g < § S 2 5 E s 5 E . Total
s 08 § )88 § £ f|s )% & F G
&) O O &) Q Q QO O &) O &) &) <

Aguascalientes 1 1
Baja California Sur 14 79 73 4 170
Campeche 16 16
Chiapas 9 31 40
Chihuahua 1 3 4
Colima 21 8 29
Durango 1 1
Guerrero 17 33 29 1 2 1 83
Jalisco 18 8 26
México 2 2
Michoacédn 10 27 32 9 12 90
Morelos 5 1 6
Nayarit 13 5 18
Oaxaca 67 44 178 289
Puebla 9 1 8 18
Querétaro 1 1
Quintana Roo 12 12
San Luis Potosi 3 3
Sinaloa 30 7 37
Sonora 14 1 46 4 65
Tabasco 2 2
Tamaulipas 10 10
Veracruz 9 17 26
Yucatdn 436 436
Total 195 14 9 93 45 74 | 815 29 33 11 49 14 4 | 1385

relevance of G. hirsutum in Mexico as the species which is source of diversity and genetic
richness. It coincides with what was reported by Wegier ¢t al. (2012) who indicated that
Mexico is the center of diversity for G. hirsutum. Furthermore, the wide distribution of
this species as a wild species within Mexican territory was demonstrated.

Yucatan and Oaxaca are the states with the highest number of records of G. hirsutum,
436 and 178 (Table 2), which coincides with Pérez & Ruiz (2010) who reported that the
center of origin and greatest genetic diversity of G. hirsutum is located in the south of the

country.
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Table 3. Classification by collecting period of the different species of Gossypium spp.

Periods (years)
Species Total
1933-1955 1956-1975 1976-1993 1994-2008 | 2009-2024
G. aridum 4 20 60 94 17 195
G. armourianum 4 4 1 1 4 14
G. barbadense 9 9
G. davidsonii 8 28 21 27 9 93
G. gossypioides 5 15 7 18 45
G. harknessii 7 23 22 13 9 74
G. hirsutum 84 9 30 81 611 815
G. laxum 7 7 12 3 29
G. lobatum 2 1 4 21 5 33
G. schwendimanii 1 9 1 11
G. thurberi 9 2 14 13 11 49
G. trilobum 3 5 4 2 14
G. turneri 1 3 4
Total 121 105 182 287 690 1385

Regarding the geographical distribution of current records of wild relatives of cotton,
their presence is evident in 24 Mexican states, from the Northwest (Sonora, Baja California
Sur and Sinaloa) to the Southeast in the Yucatan Peninsula and Quintana Roo (Figure
1). These results contrast with those of Pérez et al. (2016), who determined the presence
of native cotton species in 27 states. The difference is possibly due to the aforementioned
study included individuals classified as non-wild, that is, cultivated.

Figure 1. Geographic distribution of wild relatives of cotton (Gossypium spp.) in Mexico. Prepared by the
authors using QGIS (2024).
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These records highlight that 65% of wild relatives, and therefore the genetic richness,
are concentrated in Yucatdn (31%) and Oaxaca (21%). This coincides with Cronn et al.
(2003) and Alvarez et al. (2005), who located the center of origin of Gossypium diploides in
Oaxaca, while the origin of Gossypium tetraploides was located ‘somewhere in Mesoamerica’,
which includes Yucatan.

In the remaining 22 Mexican states, several species have very restricted distributions
in terms of both number and geographic range. Some are represented by only a single
species record, but are found in various coastal regions of Baja California Sur, the
Pacific Ocean, the Gulf of Mexico, and the Yucatdan Peninsula. In other words, the
genus Gossypium is found in areas with conditions ranging from arid to humid and semi-
warm to warm, associated with geological and edaphic diversity, as well as different
vegetation and habitat types. Five key areas of very high species diversity were identified
(within 33X 33 km? geographic cells) with a Shannon diversity index between 0.76 and
1 (Figure 2).

In these red areas, at least three species are present, Gossypium aridum, G. hirsutum,
and G. gossypioides. Two of these areas are located in the central and northeastern regions
of the state of Michoacdn; five species are distributed within them (Gossypium lobatum, G.
hirsutum, G. trilobum, G. aridum and G. schwendimanii). In a first area, the species G. aridum,
G. hirsutum and G. lobatum are located; in a second area we found the species G. aridum, G.
lobatum and G. schwendimanii. The remaining three areas are located in the Southeast of
Oaxaca and all areas share the distribution of the species G. aridum, G. gossypioides and G.
hirsutum (Table 4).

In addition, 24 areas with high diversity (IDS between 0.57 and 0.75) were identified

and are depicted in orange in Figure 2. Six areas were recorded in the state of Baja

Figure 2. Key areas of very high richness and diversity of cotton (Gossypium spp.) wild relatives in Mexico.
Prepared by the authors using DIVA-GIS.
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Table 4. Key areas of very high diversity based on the Shannon diversity index (SDI 0.764-1.00).

Key Area State Municipalities Species
1 Michoacédn Paracuaro, Mugica y Gabriel Zamora G. hirsutum, G: lobatum and

G. aridum
1T Michoacédn La Huacana, Churumuco y Turicato G. schwendimant, G. lobatum

and G. aridum

Santiago Ixcuintepec, Santo Domingo
Tehuantepec, Santiago Lachiguiri, Nejapa de G. hirsutum, G. gossypioides
Madero, Guevea de Humboldt y Santa Maria and G. aridum

Guienagati

11 Oaxaca

Santa Ana Tavela, San Juan Lajarcia, San
Carlos Yautepec, San Bartolo Yautepec, Santa
v Oaxaca Maria Ecatepec, Magdalena Tequisistlan,
Santa Maria Jalapa del Mdrques y Santa

Maria Totolapilla

G. hirsutum, G. gossypioides
and G. aridum

Magdalena Tequisistlan, San Miguel Tenango,
Vv Oaxaca Santo Domingo Tehuantepec y San Pedro
Huamelula

G. hirsutum, G. gossypioides
and G. aridum

California Sur, where cotton species converge, Gossypium armourianum, G. harknessii
and G. davidsonii. Also, four areas in Guerrero with G. aridum, G. hirsutum, G. laxum,
G. lobatum and G. schwendimanii; three areas in Oaxaca with G. aridum, G. gossypioides
and G. hirsutum; and three areas in Chiapas with G. barbadense and G. hirsutum
(Table 5).

Areas with medium diversity (SDI 0.38-0.57) were also delimited with their species,
and were identified with yellow color (Figure 2). These are located in Baja California Sur
(Gossypium armourianum, G. hirsutum, G. davidsonii and G. harknessii); Sonora (G. davidsonii, G.
harknessii and G. turneri); Michoacan (G. aridum and G. schwendimanii); State of Mexico (G.
hirsutum and G. trilobum); Oaxaca (G. aridum, G. gossypioides and G. hirsutum) and Veracruz
(G. hirsutum and G. aridum). Those areas with intermediate diversity (SDI 0.19-0.38; lime
green in Figure 2) are located in Colima (G. aridum and G. hirsutum); Michoacan (G. aridum,
G. hirsutum and G. lobatum); Oaxaca (G. aridum and G. hirsutum) and Chiapas (G. barbadense
and G. hirsutum).

Areas with low diversity (SDI 0-0.19, dark green in Figure 2) are characterized
by the presence of a single species. These low diversity areas are more frequent and
dispersed, and are located in northern Sonora (G. thurberi), central Sinaloa (G. aridium),
and a large area in Yucatdn (G. hirsutum). The latter accounts for 32% of all Gossypium
records.

In turn, Michoacdn, Guerrero, Baja California Sur, Oaxaca, Jalisco, Colima, State
of Mexico, Morelos, Puebla and Chiapas are highlighted because these states have areas
with greater diversity. This is, considering both the number of species present (richness)
and their relative abundance (evenness). In these places, genetically modified cotton could

represent a risk of genetic contamination.
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Table 5. Key areas of high diversity according to Shannon index (SDI 0.573-0.764).

Key Area State Municipalities Species
Land II 153 o California Loreto G. davidsonii and G. harknessii
1T lsgjjra Galifornia Comondu and La Paz G. davidsonii and G. harknessii
v l;?ra Galifornia La Paz G. davidsonii and G. harknessii
v Baja California La Paz G. davidsonii, G. lz.arknessu
Sur and G. armourianum
VI Baja California La Paz G. davidsonii, G harknessii
Sur and G. hirsutum
VII Jalisco La Huerta G. hirsutum and G. aridum
VIII Jalisco La Huerta and Ciahuatldn G. hirsutum and G. aridum
IX Colima Cihuatlan and Manzanillo G. hirsutum and G. aridum
X Colima Armerfa and Tecomdn G. hirsutum and G. aridum
XI Michoacédn Buenavista, Tancitaro and Apatcingdn G. hirsutum and G. lobatum
XII Michoacédn La Huacana and Churumuco G. hirsutum, GZ lobatum and
G. aridum
XTI Guerrer La Unién Isidoro Montes de Oca and G. schwendimanii and G.
Herrero Coahuayutla de José Marfa Izazaga aridum
Coyuca de Cataldn, Pungarabato, .
X1V Guerrero Tlapehuala and Ajuchitlan del Progreso G. hirsutum and G. lobatum
XV Guerrero Petatlan and Técpan de Galeana G. hirsutum and G. aridum
VI G Leonardo Bravo, Eduardo Neri, Tixtla de G. hirsutum, G. aridum and
uerrero Guerrero and Chilpancingo de los Bravo G. laxum
Tepalcingo, Tlalquitenango, Teotlalco, . .
XVII Morelos Ayala, Tlaltizapan de Zapata and Jolalpan G. hirsutum and G. trilobum
Chiautla, Tehuitzingo, Izucar de Matamoros,
XVIII Puebla Chila de la Sal, Axutla, Tecomatldn, Piaxtla, G. hirsutum and G. aridum
Ahuehuetitla, Chinantla
San Pedro Quiatoni, San Juan Juquila
Mixes, Santa Marfa Tepantlali, Santo
XIX Oaxaca Domingo Tepuxtepec, San Juan del Rio, | G. hirsutum and G. gossypioides
San Lorenzo Albarradas, Tlacolula de
Matamoros and San Pedro Totolapdm
San Pedro Totolapdm, San Carlos
Yautepec, Santa Marfa Quiegolani, San
XX Oaxaca Bartolo Yautepec, San Carlos Yautepec, G. hirsutum and G. gossypioides
San Juan Lajarcia, Santa Ana Tavela and
Nejapa de Madero
Asuncién Ixtaltepec, El Espinal, Juchitan
de Zaragoza, Santa Marfa Xadani, Unién
XXI Oaxaca Hidalgo, San Dionisio del Mar, Santiago G. hirsutum and G. aridum
Niltepec, Santo Domingo Ingenio and San
Miguel Chimalapa
XII Chiapas Cintalapa de Flg.u crod, Sar.l P(?d?“o G. barbadense and G. hirsutum
Tapanatepec, Arriaga and Jiquipilas
XXIII Chiapas Villaflores and Villa de Corzo G. barbadense and G. hirsutum
XXIV | Chiapas Villaflores, Villa de Corzo and El Parral G. barbadense and G. hirsutum
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CONCLUSIONS

Of the cotton species recorded, three dominate the distribution; Gossypium hirsutum
(58.8%), G. aridum (14.3%) and G. davidsonii (6.7%), which emphasizes that Mexico is the
center of diversity for G. hirsutum, this also coincides with previous research.

Five key areas with very high genetic diversity in species of Gossypium were identified,
as well as 24 areas with high genetic diversity. It is recommended that these areas be
designated as areas where genetically modified cotton cultivation should not be permitted,
as this poses a risk of genetic contamination to native species and their conservation.

The greatest genetic diversity of Gossypium is concentrated in Michoacdn, Guerrero, and
Oaxaca, with a significant presence in Baja California Sur and Sonora. This strengthens
the theory that Southern Mexico is a center of origin and diversity for these species. It
should be emphasized that both, areas with the greatest genetic richness and those with a
high concentration of a single species are key to conserving the genetic biodiversity of the

genus Gossypium.
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ABSTRACT

Objective: In arid regions such as south-central Chihuahua, Mexico, water scarcity and soil degradation affect
agricultural sustainability. The forage cactus (Opuntia ficus-indica) has proven to be a viable option under these
conditions due to its resilience and low water requirements. This study established a cactus production system
in a 500 m? experimental plot to evaluate soil improvement, water-use efficiency, and economic investment
associated with the planting method.

Design/Methodology/Approach: Comparative soil analyses were conducted before and after planting,
improved irrigation practices were implemented, and the Baca Urbina methodology was applied for the
economic analysis.

Results: Organic matter increased from 0.5% to 2.36%, and essential nutrients such as nitrates, phosphorus,
and potassium also improved, while calcium carbonate levels decreased. Drip irrigation supplied 1.5 L over 4.5
h per month, with an initial investment of $50,000 MXN. The economic analysis yielded a net present value
(NPV) of $42,075.89 MXN, an internal rate of return (IRR) of 39.48%, and a cost—benefit ratio (CBR) of 2.03.
Findings/Conclusions: The production system reduced potential cattle feed costs and improved water-use
efficiency, demonstrating that forage cactus is profitable and sustainable for small producers in arid and semi-
arid areas. Seasonal variability and plot size could influence the results, so it is recommended to expand the
trials to different scales and climatic conditions.

Keywords: forage cactus, soil restoration, soil improvement, sustainable agriculture, arid regions.

INTRODUCTION

In northern Mexico, cattle fattening systems face significant challenges due to the
limited availability and high cost of forage resources, conditions that are further exacerbated
by recurrent drought and soil degradation (Gutiérrez-Luna et al., 2012). These factors
have forced producers, particularly small- and medium-scale farmers, to adopt intensive
production systems to compensate for pasture deficiencies; however, such systems require

increasing investments that hinder their economic viability (Lara-Pulido ez al., 2020).

et L . g
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Overgrazing, resulting from excessive stocking rates, intensifies forage scarcity and
compromises animal nutrition and welfare (Flores-Ortiz & Reveles-Hernandez, 2010).
Consequently, traditional forages such as alfalfa, sorghum, wheat, and maize are commonly
used; nevertheless, their high costs have driven the search for affordable alternatives
adapted to local conditions, among which forage cactus stands out (SADER, 2018). This
forage cactus (Opuntia ficusindica) is widely distributed across the country’s semi-arid and
arid regions, where climatic and edaphic constraints limit the development of conventional
crops (Lopez-Gonzalez, 2008).

This cactus has transcended its historical use in human and animal food to become a
sustainable option in agriculture and livestock production, thanks to its drought resistance,
its ability to grow in degraded soils, and its contribution to improving soil structure and
water retention (SEMARNAT, 2020). Due to its nutritional composition rich in fiber,
water, carbohydrates, proteins, vitamins, and minerals, forage prickly pear cactus has
become a valuable feed supplement for cattle, goats, and sheep, especially in regions with
limited water and pasture (SADER, 2022).

Historically, in Mexico, forage cactus has been used as livestock feed since the colonial
period, particularly in arid areas where the scarcity of conventional pastures encouraged
its use to sustain cattle during dry seasons (Gervantes de Salazar, 1991). This tradition has
persisted and evolved through the promotion of'its cultivation to support animal feeding in
arid regions, recognizing its capacity to meet part of the water requirements of livestock in
hot climates and to contribute to cattle food security (Anaya-Pérez & Bautizta-Zane, 2008).
In Chihuahua, particularly in the south-central region, extensive cattle production is
fundamental to the local economy; however, it faces increasing challenges associated
with drought, soil degradation, and rising feed costs. These factors negatively affect the
sustainability and competitiveness of the sector (Lagos-Gémez et al., 2014).

National forage cactus production reflects its strategic importance: in 2022,
approximately 12,081 hectares were cultivated, yielding close to 130,000 tons with an
average productivity of 10.8 tons per hectare. This generated a significant economic
value of around 62 million pesos, with the state of Coahuila as the main producer (SIAP,
2023). These figures highlight the relevance of this crop as a feed resource in arid and
semi-arid regions. From an economic perspective, the use of forage cactus can reduce
feed costs in livestock production by 40-60%, given that feeding accounts for up to 70%
of the total cost of this activity (Salazar, 2021). Furthermore, its simple management and
low technological requirements make its production accessible to small-scale producers,
encouraging adoption in rural communities with limited resources (Pedraza-Reyes et
al., 2023).

Therefore, considering the climatic and economic challenges affecting cattle fattening
systems, it is pertinent to develop productive strategies that promote forage cactus as a
sustainable forage alternative. This crop would not only improve the availability and
quality of feed for livestock, but also contribute to water conservation and the rehabilitation
of degraded soils, offering an integrated solution for producers seeking to enhance the
resilience and economic viability of their production systems. In this context, the present

study aimed to establish a forage cactus (Opuntia ficus-indica) production system adapted to
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local conditions, providing a replicable model that supports agricultural sustainability and

the socioeconomic well-being of small- and medium-scale producers in the study region.

MATERIALS AND METHODS
Study site location

The study was conducted in Delicias, Chihuahua, Mexico (28° 09’ 46” N and 105°
27°03” W). The dominant vegetation in the region includes semi-arid grasslands and
native species such as mesquite (Prosopis spp.) and huisache (Acacia farnesiana) (Jurado-
Guerra et al., 2021). The prevailing soils are sandy, with low organic matter content (0.58%
initial average) and a sandy clay loam texture in some areas (Canta-Silva et al., 2018).

The state of Chihuahua exhibits diverse climatic conditions: warm and dry in 40% of
the territory, temperate semi-dry in 33%, and semi-cold subhumid in 24%. Temperatures
range from 45 °C to —23 °C, with an annual mean of 17 °C. Rainfall is scarce, averaging

510 mm per year (Corrales-Suastegui et al., 2025).

Biological material and crop establishment

The Copena variety of Opuntia ficusindica was used as the biological material.
Physiologically mature cladodes were established in a 500 m” area using a triangular
(three-bolillo) planting pattern, with a spacing of 1 m between cladodes. Each cladode
was inserted into the soil up to halfits length to facilitate rooting and minimize the risk of
dehydration. A drip irrigation system was implemented using perforated tapes designed to
deliver 1.5 L h™! during monthly sessions of 4.5 h, ensuring efficient water use. Manual
weeding was performed to prevent competition for resources, formative pruning was
carried out to promote uniform growth, and phytosanitary management was applied to
prevent pest outbreaks, following the guidelines of the forage cactus technological package

from INIFAP (2024).

Soil evaluation

Between April and November 2024, comparative soil analyses were conducted to assess
soil evolution throughout the study period. In the initial analysis, key indicators such as
organic matter, pH, texture, and available nutrients were determined. Subsequently, the
same parameters were evaluated in the final analysis to identify changes attributable to
the crop.

These physicochemical soil analyses were performed at the Soil Laboratory of the
Faculty of Agricultural and Forestry Sciences at the Autonomous University of Chihuahua.
Organic matter was determined using the Walkley-Black method, and pH was measured
using the saturated paste technique. Available nutrients were quantified through specific
procedures: nitrates (NOs) as extractable nitrates, phosphorus (P) using the Olsen method,
potassium (K) through ammonium acetate (AA) extraction, and the micronutrients iron
(Fe), zinc (Zn), copper (Cu), and manganese (Mn) using the diethylenetriaminepentaacetic
acid (DTPA) extraction method. Soil texture was characterized using the Richards method,
and total calcium carbonate (CaCQOg) content was quantified through an acid analysis

measuring the total carbonate concentration present in the sample.
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Economic viability and financial analysis

The methodology proposed by Baca Urbina (2013) was applied to estimate economic
viability, considering fixed, variable, and labor costs. In addition, the financial indicators
Net Present Value (NPV), Internal Rate of Return (IRR), and the Cost-Benefit Ratio (CBR)
were calculated in order to facilitate replication of the study under similar conditions and

to extrapolate its results to other arid regions with comparable characteristics.

RESULTS AND DISCUSSION
Implementation of Forage Cactus Planting

The results obtained showed that propagation through cladodes proved to be an efficient
technique, as it enabled the establishment of vigorous plants within a relatively short period.
Irrigation frequency, adjusted to environmental conditions, contributed to optimizing
water use without compromising growth. In addition, the application of practices such
as formative pruning and the use of disinfected tools during crop management activities
reduced the risk of diseases and promoted the expected product quality. Overall, crop
establishment demonstrated that adequate land preparation, sanitary selection of plant
material, and efficient water management positively influenced the initial development
of forage cactus, laying the foundation for a sustainable and technically sound production
system. These findings are consistent with those reported by Gonzélez-Gaona et al. (2024),
who indicated that deep mechanical soil preparation favors the initial establishment of
forage cactus. Similarly, Navarro-Alvaro (2018) highlighted that land leveling improves
irrigation efficiency, which aligns with the homogeneous water distribution observed in
this plantation. Likewise, Robles-Contreras e al. (2008) emphasized the importance of soil
analysis and agronomic management adapted to site-specific conditions, aspects reflected

in the favorable crop response.

Design and installation of the irrigation system

Overall, the results showed that the implementation of drip irrigation enhanced water-
use efficiency, improved soil moisture conditions, and strengthened crop establishment,
consolidating it as a relevant alternative for production systems in areas with limited water
availability. This approach proved more suitable than the traditional surface irrigation
schemes commonly used in the region. Controlled flow application allowed adequate
moisture conditions to be maintained with lower water volumes, representing a significant
optimization of the resource. This response is consistent with Torres-Cobo (2024), who
indicated that drip irrigation aligns well with forage cactus physiology by delivering water
directly to the root zone. Similarly, the findings agree with Léopez-Medina et al. (2024),
who reported efficiencies above 90% and considerable reductions in water consumption
under proper management. Under semi-arid conditions, the installed system demonstrated
to be a technically viable strategy to enhance crop sustainability. Reduced losses through
evaporation and runoff contributed not only to water savings but also to greater stability
in forage cactus growth. Furthermore, the continuous and trouble-free operation
reflected adequate hydraulic planning and system compatibility with site-specific terrain

characteristics.
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Positive variables

Organic matter

Two organic matter analyses were conducted, one prior to planting and the other after
crop establishment. An increase was observed (Figure 1), indicating an improvement in
soil fertility and suggesting more favorable conditions for crop development. The observed
increase may be associated with the applied management practices and the integration
of sustainable strategies, which evidenced greater biological activation of the soil and an
enhancement of its potential fertility. This is essential for the development of forage cactus
cultivation (Izquierdo-Bautista & Arévalo-Herndndez, 2021). Organic matter improves
the physical and chemical properties of the soil, including nutrient transport, moisture
retention, aeration, and porosity. It also contributes to reducing bulk density (Brechelt,

2004).

Soil pH

Soil pH increased from 6.85 to 8.12 (Figure 2), approaching the range reported as
optimal for forage cactus cultivation (8.34) according to Orona-Castillo ez al. (2003). The
observed increase may be attributed to a higher concentration of alkaline elements such

as potassium and magnesium, which reached values of 396 mg kg™ ' and 2.65 mmol L™,
respectively (Rodriguez-Gonzalez, 2014).

O.M. Organic Matter % WALKLEY-BLACK

1" Analysis - 0.58

0 0.5 1 1.5 2 2.5

Figure 1. Organic matter increase. Source: Author’s own elaboration.

pH paste

st - 74 qQ

Figure 2. pH increase. Source: Author’s own elaboration.
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Together with the increase in organic matter, this shift changed the soil reaction
from slightly acidic to alkaline, a condition that has been reported as favorable for the

establishment and production of forage cactus (Rivera et al., 2018).

Available Nutrients

Increases were recorded in the concentrations of nitrates, phosphorus, potassium,
iron, zinc, and manganese, while copper remained constant (Table 1). These results were
consistent with the increase observed in soil organic matter (Martinez-Nevdrez et al.,
2024). Rodriguez and Flérez (2004) emphasize that these elements are essential for plants
to complete their life cycle, and the absence of any one of them cannot be replaced by
another.

Soil texture

Regarding soil texture, a change from sandy clay to sandy clay loam was observed. This
texture type falls within the classes reported as suitable for forage cactus, which thrives
in soils with a high calcium carbonate content and loamy textures, such as sandy loam
or sandy clay loam (Ruiz-Lépez, 2011). Likewise, Ruiz-Corral ez al. (2013) indicated that
optimal forage cactus growth occurs in sandy and sandy-clay soils, provided they are
calcareous and have a high salt content, conditions that promote better crop development.

Variables to monitor

Total Calcium Carbonate (CaCO;)

Total CaCO4 content showed a decrease (Figure 3), dropping from 33.02% to 12.03%,
which represented a reduction of 20.99%. This change should be considered in soil
management, since low calcium carbonate levels may influence nutrient availability (Cruz-
Macias et al., 2020). Although forage cactus is a tolerant and adaptable species, marked
reductions in this component could affect its development if appropriate fertilization

strategies are not implemented (Lépez-Collado et al., 2013).
Economic Viability
The 1initial investment required was $50,000 MXN, allocated to land preparation and

conditioning, installation of the drip irrigation system, and the acquisition of basic tools

Table 1. Increases in available nutrients.

Available Nutrient (mg kg™ ') 1°* analysis 2 analysis

NO, Nitrates 2.03 35

P OLSEN Phosphorus 1.25 38.02
KAC. AMONIO AA Potassium 854 1250

Fe DTPA A A Iron 0.36 1.2

Zn DTPAAA Zinc 0.24 0.36
CuDTPA AA Copper 0.21 0.21
Mn DTPAAA Manganese 1.02 2.36

All concentrations are reported in mg kg_1 (ppm).
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Total CaCO4 % Acid Carbonates
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Figure 3. Decrease in Total CaCO Content. Source: Author’s own elaboration.

and equipment for operation. Annual fixed and variable costs were estimated at $20,000
MXN, including crop management activities, maintenance of the irrigation system, and
plant replacement.

Based on the projected yield and a selling price of $3.25 per kg, the estimated annual
income would allow recovery of the initial investment within an approximate period of

three years.

Financial Analysis

The financial analysis was conducted over a five-year evaluation horizon using a 12%
discount rate. The obtained indicators included a NPV of $42,075.89 MXN, an IRR of
39.48%, and a BCR of 2.03. These results are presented in Table 2.

The financial projection showed favorable performance over the five-year evaluation
period. Constant annual revenues of $37,498.50 MXN were estimated, resulting in an
annual net cash flow of $17,498.50 MXN. During the first two years, the cumulative
cash flow remained negative due to the recovery of the initial investment of $50,000.00
MXN. The break-even point was reached in the third year, when the cumulative cash
flow became positive. From that moment onward, the project generated net profits that
increased overall profitability.

The discounted net cash flow indicated that, even when applying a 12% discount rate,
the benefits exceeded both operating costs and the initial investment, thus confirming
the economic viability of the productive model. These results are consistent with
those reported by SAGARPA (2015), which estimated an investment of approximately

Table 2. Five-year financial projection.

Discounted .
Year | Revenue (MXN) | Costs (MXN) | NetGashFlow | o o chFlow | Cumulative
(MXN) Cash Flow
(MXN)
1 37498.5 20000 17498.5 15623.66 ~39501.5
2 37498.5 20000 17498.5 13949.7 ~15003
3 37498.5 20000 17498.5 12455.09 9495.5
4 37498.5 20000 17498.5 11120.61 19994
5 37498.5 20000 17498.5 9929.12 37492.5
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$50,000.00 MXN per hectare in the states of Aguascalientes, Guanajuato, and Zacatecas,
with cost recovery beginning in the third year and annual revenues of $40,800.00 MXN.
Similarly, Morales et al. (2016), in a business plan for forage cactus production in the
state of Morelos, estimated an investment of $49,000.00 MXN and confirmed medium-
term recovery.

CONCLUSIONS

The forage cactus production system proved to be technically viable and economically
profitable, supported by a strategic initial investment aimed at maximizing critical resources
such as water in a context of recurrent droughts and soils deficient in organic matter and
nutrients. The use of drip irrigation optimized water resources, promoting sustainability by
reducing costs and increasing feed production. This confirms the feasibility of the project
and establishes a precedent for future initiatives that prioritize water-use efficiency and
profitability.

Furthermore, this model enables the conversion of low-fertility soils into productive
land, taking advantage of the benefits of forage cactus, which has traditionally been
considered a low-value crop. The results obtained are replicable in the south-central region
of Chihuahua, Mexico, and may serve as a reference for producers interested in sustainable
and profitable strategies.
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ABSTRACT

Objective: To determine the optimal particle size of the primary ingredients used in pig feed.
Design/methodology: A literature review was conducted to identify the optimal particle size of corn,
sorghum, and soybean meal in pig diets.

Results: The optimal ingredient particle size by production stage is as follows: transition, 339-534 um;
Initiation I, 339-534 um in pellets or 305 um in meal form; Initiation II, 920-943 yum; and growth-finishing,
500-700 pm.

Study implications: The optimal particle size of all grains included in the diet should be evaluated across
particle-size strata, as most studies assess only the mean particle size of a single ingredient.

Conclusions: Fine grinding enhances feed digestibility in pigs, which is reflected in improved productive
performance. However, excessively small particle size for a given production stage may adversely affect
intestinal health.

Keywords: swine production, milling, pellets, meal.

INTRODUCTION

Ingredient milling is a processing operation in which the particle size of a feed ingredient
is reduced. Its primary purpose is to decrease particle size to facilitate intake and enhance
the nutritional availability of dietary fractions. This, in turn, increases the feed’s contact
surface area, making it more accessible to digestive enzymes and consequently improving
feed efficiency. Ingredient milling also confers additional advantages, including improved
mixing capacity and uniformity, reduced segregation during bulk transport, increased

starch gelatinization, and enhanced pellet quality. However, producing excessively fine
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ingredients can increase production costs, intensify contamination from generated dust,
and induce functional alterations in the pigs’ gastrointestinal tract (Almeida et al., 2021).
Therefore, the objective of this work was to synthesize available evidence on the ideal
particle size achieved during the milling process for the main ingredients used in pig

feeding, based on an analysis of publicly available results.

The milling process

Milling quality is assessed through factors such as feed particle homogeneity, uniformity;,
and size (Kiarie and Mills, 2019). One of the principal challenges in manufacturing feed
for non-ruminants is achieving mixture uniformity and homogeneity, namely, controlling
particle-size distribution (Goodarzi Boroojeni et al., 2016; Vukmirovic et al., 2017).

An appropriate ingredient particle size is beneficial for feed-manufacturing processes
such as mixing and hydrothermal treatments, including pelleting, extrusion, and
expansion (Kiarie and Mills, 2019). Recommendations regarding optimal particle size and
particle-size distribution in pigs are inconsistent and vary by production stage, as they
are influenced by factors such as the physical form of the feed (ingredient particle size
1s reduced during pelleting and nutrient digestibility improves), diet complexity, grain
type, endosperm hardness, the milling method (hammer mill, roller mill, multicracker, or
multistage grinding), and pellet quality (Al-Rabadi et al., 2017; Vukmirovic et al., 2017).

From an economic standpoint, a particle-size distribution tailored to the animal’s
physiological requirements enables optimal nutrient utilization and improvements in
productive outcomes. Nevertheless, more intensive grinding entails higher production
costs, particularly due to the energy required to achieve smaller particle sizes (Almeida et
al., 2021).

In addition to increased energy consumption, grinding capacity and flowability decline,
dust-related problems intensify, and excessively fine particles are associated with detrimental
effects on the health and function of the gastrointestinal tract. The effectiveness of particle-
size reduction also depends on factors such as the physical form of the feed (meal or pellet),
whether it is offered to healthy animals, the animal’s age, the raw materials used, the type
of facilities, and even genetics. For example, because feed compaction increases when
particle size falls below 500 um, flowability may be impaired. This can be exacerbated
in diets supplemented with oils and in silos or conveying lines with certain characteristics,

ultimately leading to reduced feed intake (Scianca, 2021).

Effect of particle size on nutrient digestibility

Reducing the particle size of feed raw materials increases the exposed surface area for
digestive enzymes, thereby enhancing nutrient digestibility and absorption; in turn, this
may improve pigs’ productive performance (Kiarie and Mills, 2019; Huting et al., 2021).

Decreasing the particle size of corn, sorghum, and soybean meal has been associated
with improvements in pigs’ productive performance due to greater nutrient digestibility
and enhanced feed efficiency (FE) (Kim et al., 2016; Dzierva et al., 2023). Physiological
differences attributable to the particle size of the offered feed may be related to age-
dependent endogenous enzyme production (Scianca, 2021). Reducing particle size
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in ingredients improves starch digestibility by increasing grain surface area, which
subsequently intensifies interaction with digestive enzymes (Huang ez al., 2015; Rojas and
Stein, 2015; Rojas et al., 2016a). Accordingly, the apparent ileal digestibility of starch and
the gross energy of corn increase in growing pig diets as particle size is reduced from 865
to 339 um (Rojas and Stein, 2015).

Although starch and energy digestibility may improve, the effects of particle-size
reduction on nitrogen and amino acid digestibility in ingredients are inconsistent. Reducing
corn particle size (400, 600, 800, and 1000 m) in diets for growing pigs increased protein
digestibility as particle size decreased (Ma et al., 2021). However, reducing corn particle
size did not improve the digestibility of most amino acids in weaned or growing pigs (Huang
et al., 2015; Rojas and Stein, 2015). Fastinger and Mahan (2003) reported that reducing
soybean meal particle size (900, 600, 300, and 150 gm) increased amino acid digestibility
by only 1% at a particle size of 600 gm. Table 1 summarizes studies evaluating different
production stages of finishing pigs fed diets containing the main ingredients used in the
Mexican feed industry, milled to diverse particle sizes.

During Initiation I [7-8 kg initial live weight (ILW)], a smaller particle size for corn and
soybean meal (305-534 um) increases the digestibility of energy and ether extract (Almeida
et al., 2021; Dzierva et al., 2023; Almeida et al., 2022; Huang et al., 2015); however, an
excessively reduced particle size may cause problems related to intestinal permeability
(Huang et al., 2015). For Initiation IT (10-12 kg ILW), the optimal corn particle size depends
on feed presentation (pellet or meal). Almeida ez al. (2021) found that, at this stage, 943 um
is optimal for improving dry matter and ether extract digestibility. In contrast, Dzierva et
al. (2023) reported that the best particle size for pelleted corn would be 696 ym to increase
ether extract digestibility.

Although the particle size in that study is smaller than that reported by Almeida et
al. (2021), both studies converge in indicating that the optimal particle size to improve
productive performance lies between 920 and 943 um. Conversely, when corn is offered as
meal to pigs in Initiation II, a smaller particle size (400 ygm) appears more appropriate to
improve the digestibility of energy, dry matter, protein, and fiber (Ma et al., 2021).

For the growth stage (20-34 kg), the evidence compiled in this review indicates that
the particle size of the main macronutrient ingredients incorporated into the diet (corn
and soybean meal) falls within 511-600 gm in both meal and pelleted forms, as this range
provides a balance between nutrient digestibility and feed efficiency (Gao et al., 2021; Jo
et al., 2021). A particle size below 511 um does not improve nutrient digestibility (Gao et
al., 2021), whereas a particle size above 600 um also fails to improve nutrient digestibility
(Jo et al., 2021). Gao et al. (2020) observed that reducing the mean particle size of corn
and soybean meal from 511 to 390 um in diets for growing pigs neither modified nutrient
utilization nor affected the activity of amylase, trypsin, and chymotrypsin. Considering
the mean particle size of the diet’s macro-ingredients, Gao et al. (2020) recommend a
mean particle size of 511 um in corn-soybean diets to enhance productive performance
and dietary nutrient-use efficiency in growing pigs, as particle sizes below 390 um do
not improve nutrient utilization; likewise, they indicate that it is not necessary to reduce

the mean particle size of corn below 682 um. Their results further show that the mean
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particle size of duodenal digesta, ileal digesta, and feces decreased with particle-size
reduction (511 vs. 390 um), but mean particle size did not affect digestibility (total tract,
energy, protein, ether extract, and fiber).

Additionally, reducing corn particle size (400, 600, 800, and 1000 gm)in diets for growing
pigs increased the digestibility of energy, protein, dry matter, and fiber as corn particle
size decreased (Ma et al., 2021). Particle-size reduction improved energy digestibility in
growing-finishing pigs fed sorghum (1062, 802, or 471 um; Owsley et al., 1981). Moreover,
in finishing pigs, corn particle size should be <618 um to increase both energy and fiber
digestibility (Lyu et al., 2020).

Effect of particle size on productive performance

Reducing particle size increases the availability of certain nutrients, which may
subsequently enhance pigs’ productive performance (Lancheros e al., 2020). The ideal
particle size depends on the grain type used in the diet, the physical form of the feed (meal
or pellets), and the pigs’ growth phase.

In weaned piglets during the transition phase, reducing the particle size of corn
and sorghum (300, 500, 700, and 900 um) in pelleted feed linearly improved feed
efficiency and average daily gain (ADG) during the first two weeks post-weaning for both
ingredients; however, after these two weeks, the beneficial effect diminished, with the
best feed efficiency observed at 500 gm. This suggests that, during the transition phase,
responsiveness to particle-size reduction is greater in the first two weeks post-weaning,
and that the optimal particle size for corn and sorghum increases with pig age after this
period (Healy et al., 1991).

Table 1 summarizes evidence on the effect of particle size on the productive
parameters of finishing pigs. In Initiation I (initial live weight [ILW] of 7-8 kg), Dzierva
et al. (2023) and Almeida et al. (2021) recommend corn particle sizes of 339 and 534
um, respectively, for pelleted feed to increase feed efficiency. In contrast, Huang ez al.
(2015) reported that a corn particle size of 305 um in meal improves ADG and dry
matter intake (DMI). However, at this same stage, when soybean meal particle size was
evaluated (1017 um), a substantially larger particle size than that of corn was associated
with increased ADG and feed intake. When pigs enter Initiation II (>10 kg), the mean
particle size of pelleted feed increases relative to Initiation I, because a corn particle
size between 920 and 943 um increases DMI (Almeida et al., 2021; Dzierva et al., 2023)
and ADG (Dzierva et al., 2023). For pigs in the growth and finishing stages, the optimal
corn particle size increases further. Jo et al. (2021), evaluating ground corn particle sizes
of 600, 750, and 900 um in diets for growing pigs, found that feed efficiency improved
when a particle size of 600 gm was used. In growing-finishing gilts fed meal-based corn
diets, feed efficiency decreased linearly as particle size was reduced (865, 677, 485, and
339 um), with no effects on ADG or feed intake (Rojas et al., 2016a). Nemechek ¢t al.
(2016) reported that reducing corn particle size in the complete diet from 650 to 350 gm
in growing-finishing pigs resulted in decreased ADG, DMI, and feed efficiency when
diets were provided as meal; however, pigs fed pelleted diets did not show negative effects

on DMI or feed efficiency attributable to particle size. Regardless of whether pigs are fed
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Table 1. Optimal particle size for ingredients supplied to fattening pigs.

Feed

Particle size ((m)

Observations

Stage

Author

Corn | Pellets

394, 534, 647, 695

1 Feed efficiency (FE) at 534 um.

Initiation (7 kg)

Almeida et al. (2021)

Corn [ Pellets

339, 588

1 FE and 1 ether extract (EE) digestibility at 339

um.

Initiation (7 kg)

Drzierva et al. (2023)

Soybean meal |
Meal

411,585, 1017

1 Dry matter intake (DMI) and 1 average daily

gain (ADG) at 1017 um; 1 digestible energy (DE)

at 411 pum.

Initiation (7 kg)

Almeida et al. (2022)

1 ADG, 1 DMI, and ! energy and EE

Corn | Meal 305, 428 digestibility at 305 um; however, | intestinal Initiation (8 kg) Huang et al. (2015)
permeability.

Corn | Pellets 587,625, 798, 943 | | DMIand T dry matter (DM) and EE Initiation (12kg) | Almeida et al. (2021)
digestibility at 943 yum.

Corn | Pellets 696-920 t DMIand t ADG at 920 um; 1 EE Initiation (11 kg) | Dzierva et al. (2023)
digestibility at 696 um.
1 energy, DM, crude protein (CP), and fiber Initiation (10 kg)

G Meal 4 ’ ’ ’ M . 1

orn / Mea 00, 600, 800 digestibility as particle size decreased. and Growth (36 kg) a et al. (2021)

Sorghum | Meal 456, 890 1 DMI with pellets; 1 ADG and | FE at 456 Growth (20 kg) Al-Rabadi ez al.

or pellets um. (2017)

Corn-soybean 390, 511, 682 Particle size did not modify nutrient utilization. Growth (22 kg) Gao et al. (2021)

meal / Pellets

Corn-soybean 600, 750, 900 1 FE and 1 incidence of keratinization at 600 Growth (22 kg) Jo et al. (2021)

meal pum.

Corn [ Meal or | DMI and | FE in meal form at 350 gm; 1 Nemechek et al.

pellets 350, 650 ADG at 650 . Growth (34 ke) (2016)

441, 543, 618, 659, 1 energy digestibility as particle size decreased,; .
Corn [ Meal 768 } fiber digestibility at 618 zm. Finishing (53 kg) Lyu et al. (2020)
Sorghum | Pellets | 724, 573, 319 t Fl-and 1 carcass yield at the smallest particle | g oo o461 | Paulk et al. (2015)

size.

Abbreviations: FE, feed efficiency; EE, ether extract; CP, crude protein; DM, dry matter; DMI, dry matter intake; ADG, average daily gain;

DE, digestible energy.

meal or pellets, they prefer diets manufactured with more coarsely ground corn (700 um)
(Gebhardt ¢t al., 2018). Conversely, for sorghum, a smaller particle size (319, 573, and
724 um) in pelleted feed reduced feed intake and improved feed efficiency in finishing
pigs (Paulk et al., 2015).

The influence of ingredient particle size on pigs’ productive performance is not
consistent, and the underlying reasons are not fully understood. A major contributor
to the observed variability and inconsistency in nutrient availability and productive
responses is that most studies address mean particle size of ingredients or the diet. Lyu et
al. (2021) found that the nutritional composition and physical characteristics of different
particle-size strata of ground corn and soybean meal differ markedly, which helps
explain differences in pigs’ productive responses. Recognizing this issue, Al-Rabadi ez al.
(2017) ground sorghum using a 4-mm screen (890 um), then separated and reground the

coarser fraction of the ground sorghum (80%) using a 3.2-mm screen, achieving a more
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homogeneous particle size (456 gm); this resulted in improved ADG and feed efficiency

in growing pigs.

Effect of particle size on carcass quality

Reducing feed particle size improves carcass yield in pigs (Lancheros et al., 2020) fed
corn-based (Wondra et al., 1995a; Rojas et al., 2016a) and sorghum-based diets (Paulk ez
al., 2015). A plausible explanation for the higher carcass yield observed in pigs fed finer
particle sizes is reduced microbial fermentation, which in turn decreases intestinal tract
weight (Rojas et al., 2016b). With respect to backfat thickness and lean meat percentage,
particle-size reduction does not appear to modify these variables (Paulk et al., 2015; Rojas
et al., 2016a).

Effect of particle size on short-chain fatty acids

Most starch is digested in the small intestine; however, starch that escapes small-intestinal
digestion is fermented in the large intestine, resulting in the synthesis of short-chain fatty
acids (SCFAs) (Bach Knudsen, 2011). Therefore, reducing particle size may decrease SCFA
production (Lancheros et al., 2020). Rojas et al. (2016a) reported that feeding pigs finely
ground corn (339-865 um) reduced SCFA synthesis.

Effect of particle size on intestinal health

When high-grain diets are fed, there is a practical limit to how finely particles
should be ground because excessive fineness increases acidity and pepsin activity due
to an inadequate protective mucus layer in the esophageal region of the stomach. This
negatively affects gastrointestinal health by increasing the incidence of gastric ulcers and
gastric keratinization, which are common problems in the swine industry (Kiarie and
Mills, 2019; Lancheros et al., 2020). Fine grinding is associated with a higher incidence
of ulcers and non-specific diarrhea in sows and in growing-finishing pigs (Wondra et al.,
1995a,b; Melnichouk, 2002). Brunsgaard (1998) indicated that particle size influences
mucus production and composition (which protects against gastric infections) as well as
gastrointestinal morphology, highlighting digestive disturbances and ulceration when
grains are excessively ground. Notably, the issue appears to be driven less by mean particle
size than by a higher proportion of extremely fine particles. Feeding high-grain diets
based on finely ground ingredients increases acidity and pepsin activity due to the lack
of a protective mucus layer in the esophageal region of the stomach (Varum et al., 2010).
Pigs fed diets containing corn ground to 400 um exhibited a higher incidence of ulcers
and parakeratosis than pigs fed diets containing corn ground to 1200 gm (Wondra et al.,
1995a). This aligns with findings in growing pigs, in which the incidence of parakeratosis
increased as particle size decreased (600, 750, and 900 um) in meal or pelleted feed
(Jo et al., 2021). However, ulcer development may not immediately impair productive
performance in growing-finishing pigs, as reducing ground corn particle size to 339
um increased the incidence of ulcers and tissue keratinization without affecting feed
efficiency (Rojas et al., 2016a). Therefore, paraqueratosis which precedes ulcer formation

does not appear to be detrimental to pig growth.
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Effect of particle size on pH and bacterial populations

The presence of coarse particles in the diet is important to ensure proper stomach
function and a gradual transition of digesta from the stomach to the intestine (Huting et
al., 2021). In young piglets, larger feed particle size may influence the gastric emptying
rate, because a slower nutrient transit from the stomach to the intestine reduces the risk of
gastrointestinal infections; this results in a lower gastric pH due to the stomach’s physical
resistance to accommodating larger amounts of feed (Bornhorst et al., 2013). Coarse
particle size increases acidification in the stomach and the distal intestine, which may be
beneficial for controlling the proliferation of enteric pathogens (Vukmirovic et al., 2017),
such as Salmonella or Escherichia coli (Kiarie and Mills, 2019).

Moreover, fine particles may promote undesirable intestinal outcomes, including
colonization by Streptococcus suis in the stomach (Warneboldt et al., 2016) and Salmonella
Yyphimurium in the ileum (Hedemann et al., 2005). Feeding pigs finely ground corn (339-865
um) increased pH in the large intestine (Rojas et al., 2016a). In pigs fed either a coarsely
ground diet (671 um) or a finely ground diet (217 um), gastric pH was lower with the coarsely
ground diet (pH 2.5) than with the finely ground diet (pH 5.0) (Warneboldt et al., 2016).

CONCLUSIONS

Fine grinding can improve feed digestibility, feed efficiency, weight gain, and carcass
yield in pigs; however, the optimal particle size depends on the production stage and the
physical form of the feed. During the transition stage, the recommended particle size is
300 um (pellets), and it increases gradually throughout the initiation period. The optimal
particle size for Initiation I diets (7-8 kg initial live weight [ILW]) is 339-534 um in pellets
and 305 #m in meal form. In contrast, for pigs in Initiation II (10-12 kg ILW), the particle
size of pelleted feed should be 920-943 um.

For pigs in the growth-finishing stage, mean particle sizes between 500 and 700 um are
advisable. Furthermore, an excessively small particle size relative to each production stage
may negatively affect pigs’ intestinal health.
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ABSTRACT

Objective: To determine the effect of altitude on tree structure, distribution, and species richness in the Sierra
Judrez, Oaxaca, Mexico.

Design/methodology/approach: Satellite image analyses were conducted to assess the altitudinal effect and
changes in vegetation health using the Normalized Difference Vegetation Index (NDVI).

Results: The relationship between biomes and altitude indicates that temperate forests at high elevations
exhibit more than 55% species similarity. Tropical humid forests at lower elevations show approximately
48% similarity, while mountain humid forests at very high elevations present 45% similarity. Altitudinal and
topographical effects in the Sierra Judrez are determining factors shaping the tree component.
Findings/Conclusions: This study contributes to the identification of altitudinal zones of tree assemblages
distributed across different biomes.

Keywords: Comaltepec, Ixtepeji, Jaltianguis, NDVI, Oaxaca, UNSIJ.

INTRODUCTION

In Mexico, temperate ecosystems consist primarily of coniferous and oak forests
that harbor high biological diversity distributed across broad areas, representing the
cumulative effect of numerous regional differences in floristic composition, including
several endemic and restricted-distribution species (Huerta-Martinez et al., 2014). Various
studies have addressed the structure, composition, richness, and diversity of temperate
forests in different states of the country; however, analyses evaluating environmental and
topographic parameters along altitudinal gradients remain relatively scarce (Sanchez-
Gutiérrez, 2019; Holguin-Estrada et al., 2021; Garcia-Garcia, 2023). Temperate ecosystems

cover 17.4% of the national territory and are distributed across the Sierra Madre Oriental,
Sierra Madre Occidental, Trans-Mexican Volcanic Belt, and Sierra Madre del Sur. They
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form part of the typical vegetation of non-tropical latitudes, comprising vegetation that
integrates distinct biomes and related ecosystems (Tamayo, 1990; Challenger, 2003). These
temperate ecosystems depend not only on the presence of mountainous systems but also
on climatic, edaphic, and orographic factors, as well as biogeographic history and the
occurrence of specific floristic elements that are absent in temperate forests at higher
elevations (Rzedowski, 1978; Challenger, 1998; Sanchez et al., 2003; Holguin-Estrada et al.,
2021). Geographic variations such as climate, topography, and soil, which are associated
with vegetation composition and structure, contribute to the establishment of boundaries
between ecoregions (Torres-Robles ¢t al., 2015).

The influence of biotic and abiotic factors establishes species distribution patterns;
likewise, structural analyses focus on understanding forest diversity in order to assess its
response to different environmental changes (Cortés-Castelan & Islebe, 2005; Graciano-
Avila et al., 2017). Vegetation and environmental conditions associated with ecoclimatic
characteristics —such as radiation, precipitation, microrelief, and aspect— as well as
microtopographic variables including steep slopes related to altitude and climate, affect soil
properties and soil formation processes across landscapes, thereby determining vegetation
assemblages typical of non-tropical latitudes (Llorente-Bousquets & Morrone, 2001;
Sénchez et al., 2003). Thus, the main factors determining the distribution of temperate
ecosystems are altitude, rainfall abundance, and rainfall seasonality, which define the so-
called ecological belts or distribution patterns (Challenger, 2003; Mazzola et al., 2008). In
contrast, the factors shaping the composition, diversity, and structure of plant communities
depend on spatial scale, topographic features, temperature, and changes in precipitation
levels associated with elevation (Cuyckens ez al., 2015).

Habitat fragmentation makes the implementation of classical sampling methodologies
for assessing tree distribution and species richness more challenging. Currently, remote
sensing has become a valuable tool because its spatial, spectral, radiometric, and temporal
characteristics make it possible to measure biodiversity at large scales and to monitor
ecosystem changes over time (Sanchez-Diaz, 2018).

In combination with field-based habitat data and land-cover maps derived from satellite
image analysis, remote sensing enables more accurate estimation of species distribution,
richness patterns, and temporal changes (Ledo et al., 2012).

Vegetation distribution patterns are studied through latitudinal and altitudinal
gradients of species richness, where transitions among different environmental variables
represent gradients that may promote increases or decreases in vegetation cover and species
frequency within a given area, considering elevation and range. Consequently, significant
changes occur in floristic composition and community structure (Mazzola et al., 2008;
Zacarfas-Eslava & Castillo, 2010; Valois-Cuesta et al., 2016).

In a study conducted by Castellanos-Bolafios e al. (2010), it was established that tree
species diversity and stand structure differ according to the phytosociological community.
Similarly, Ruiz-Aquino et al. (2015), when evaluating the diversity and structure of a
pine—oak forest in Ixtlan de Judrez, Oaxaca, determined that the analyzed species can
coexist while modifying stand structure and horizontal distribution patterns. Currently,

this type of research has gained importance for understanding natural species distribution
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patterns under different environmental conditions and their influence on biological
interactions and plant community dynamics in terms of structure and composition. Such
studies contribute to biodiversity conservation, inform the management of commercially
important tree species in forestry, provide botanical and ecological information to
support sustainable management strategies, help predict potential areas of influence of
invasive species, and anticipate shifts in species distribution ranges that may result from
global climate change (Huerta-Martinez et al., 2014; Sanchez-Gutiérrez et al., 2019;
Holguin-Estrada et al., 2021; Garcia-Garcia et al., 2023).

The satellite-derived Normalized Difference Vegetation Index (NDVI) is currently one
of the most widely used analytical tools for interpreting multispectral imagery, primarily
aimed at assessing vegetation condition and quantifying vegetation attributes (Huang et
al., 2021). Across multiple spatial resolutions, NDVT1 is considered one of the most reliable
indicators of vegetation health, as it is calculated from the reflectance relationship between
the red (R) and near-infrared (NIR) bands, which together contain more than 90% of the
information related to Earth’s vegetation (Baret ez al., 1989; Li ez al., 2021). Pesaresi et al.
(2020), in evaluating NDVI time series to support phytosociological analyses, concluded
that remote sensing makes it possible to differentiate and distinguish plant communities in
an objective manner. Similarly, Zhu et al. (2011) used the Normalized Difference Vegetation
Index to assess the spatial distribution of vegetation in the Qaidam Basin, identifying
four factors affecting plant distribution in the area: precipitation, altitude, hydrological
conditions, and human activities, which fragment the distribution pattern.

Matas-Granados et al. (2022) quantified vegetation changes over a 35-year period in
protected areas hosting threatened plant species using NDVI, concluding that remote
sensing-based monitoring can help assess the effects of slow processes and drastic events
by identifying patterns across extensive regions, thereby supporting effective conservation
actions. Structural modifications and spatial redistribution of plant communities are not
driven solely by anthropogenic activities; climate change has also become a significant
factorin recent years. Fayech and Tarhouni (2021) analyzed the impact of climate variability
on vegetation using the NDVI and precipitation data in the arid region of Gabes, finding
that vegetation growth is strongly influenced by rainfall patterns. Knowledge of vegetation
in relation to terrain topographic characteristics contributes to the establishment of
restoration and management actions, as well as to the selection of species best adapted
to specific ecological sites, thereby enhancing survival and promoting faster development
(Diaz et al., 2012). The objective of this study was to determine the effect of altitude on tree
structure, distribution and species richness in the Sierra Judrez, Oaxaca, Mexico, through
satellite image analysis to identify altitudinal effects and changes in vegetation health using
the Normalized Difference Vegetation Index.

MATERIALS AND METHODS
Study Area

Ixtldn de Judrez is one of the 30 districts that constitute the state of Oaxaca. It
comprises 154 localities distributed across 26 municipalities and is one of the three

districts into which the Sierra Norte region is divided. The district is located at the
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following extreme Universal Transverse Mercator (UTM) coordinates: 1,968,430.194 N;
805,198.532 E; 736,547.067 W; and 1,829,266.633 S, covering a total area of 2,885.54
km? (INEGI, 2023). The area encompasses diverse biomes, among which temperate
forest, mountain cloud forest, and seasonally humid forest are prominent. The district

boundaries were delineated using the open-access geographic information system QGIS
version 3.4.8 (2019; Figure 1).

Data Acquisition

Tree species data were obtained from the National Biodiversity Information System
(SNIB) of the Comisién Nacional para el Conocimiento y Uso de la Biodiversidad
(CONABIO), a system developed to compile, organize, generate, and disseminate
information on Mexico’s biological diversity. The database is based on records of specimens

collected in the country and housed in national and international scientific collections
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Figure 1. Geographic location of tree species in the District of Ixtlan, Oaxaca.
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(SEMARNAT, 2018). Additionally, field records were collected, with particular emphasis
on Ixtlan de Judrez and Santa Catarina Ixtepeji, as these municipalities exhibit a complex
altitudinal gradient and sustain active forest management practices.

The consulted plant databases were curated to retain only species with tree and shrub
life forms occurring within the District of Ixtldn. Duplicate records were removed, and
specimen labels deposited in open-access scientific collections were reviewed, including the
National Herbarium (MEXU) of the Universidad Nacional Auténoma de México. Iield
verification was also conducted in areas surrounding the Universidad de la Sierra Judrez,
located in Ixtlan de Judrez, Oaxaca.

The cartographic layers used in this study included state political boundaries,
municipal political boundaries, and land use and vegetation maps (INEGI, 2001, 2021,
2022; CONABIO, 2023). Based on the land use and vegetation data, biomes were defined
according to the classification proposed by Sudrez-Mota and Villasefior (2011) and
Villasenor and Ortiz (2014). Agricultural areas, cultivated forests, human settlements, and
water bodies were excluded from the analysis.

The Digital Elevation Model (DEM) was obtained from the official portal of the
Instituto Nacional de Estadistica y Geografia (INEGI, 2023) at a spatial resolution of 90 m.
Using this dataset, the polygon corresponding to the District of Ixtldn was delineated. The
altitudinal gradient was classified into five categories to assess its correspondence with the
defined biomes. The selected species distribution data were overlaid onto these altitudinal

classes for spatial analysis.

Image processing

Satellite imagery was obtained from Landsat 5, Landsat 7, and Landsat 8
corresponding to the years 1995, 2000, 2005, 2010, 2015, and 2023, sourced from
the United States Geological Survey (USGS, 2023). Image selection for the study
area was conducted using a cloud cover filter of <40%. The selected imagery covered
four seasonal periods, each comprising three months: January-March, April-June,
July-September, and October-December. This approach allowed for the assessment
of seasonal variations in vegetation health throughout the year across the analyzed
temporal intervals.

After downloading, each image was clipped using a mask layer corresponding to
the polygon of the District of Ixtlan through a Geographic Information System (GIS),
specifically QGIS version 3.4.8 (2019). Individual spectral bands were processed separately
for each year, as combinations of the red and near-infrared bands were required to
calculate the Normalized Difference Vegetation Index (NDVI). This index was used to
detect differences in vegetation cover and to distinguish vegetated areas from rocky and
deforested zones.

NDVT values were calculated to determine vegetation health within the study area. The
index ranges from —1 to 1; values closer to 1 indicate healthier vegetation due to higher
reflectance in the near-infrared spectrum and greater absorption in the red band, which is
typically associated with vigorous green biomass (Sudrez-Mota et al., 2023). This procedure

was applied to all analyzed years. For Landsat 5 and Landsat 7, as well as Landsat 8, the red
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visible and near-infrared (NIR) bands were used according to the spectral configuration of

cach sensor. The NDVI was calculated using the following formula:

NIR — RED
NIR + RED

NDVI =

Where: NDVI=Normalized Difference Vegetation Index; N/R=reflected light in the near-
infrared spectrum; and RED=reflected light in the red portion of the spectrum.

Subsequently, using the Geographic Information System (GIS), the calculated NDVI
values were extracted and assigned to the tree occurrence records, along with the

corresponding altitudinal gradient values at which the collected data were located.

Data analysis

Frequency distributions and Kernel density plots were generated for the comparative
analysis of NDVI values, biomes, and altitude using the Aistogram and density functions in
SAS version 9.4 (SAS Institute Inc., 2013). Mean comparisons were evaluated using box-
and-whisker plots generated with the vbox function in SAS® 9.4 (SAS Institute Inc., 2013).
Similarity analyses were performed using PAST version 4.04 (Hammer ez al., 2001) and
SAS® 9.4, In PAST, binary species data were processed to determine the similarity between
biomes and altitudinal ranges using the Jaccard index, which evaluates similarity based on
shared species presence (values closer to 100% indicate greater similarity). Species diversity
indices, including Shannon, Simpson, and Dominance indices, were calculated, and beta

diversity was estimated using the Whittaker index.

RESULTS AND DISCUSSION
Diversity and Altitude

Species distribution along the altitudinal gradient was not uniform; a greater number
of species was recorded at mid and high elevations (539 and 530 species, respectively),
whereas lower elevations exhibited fewer species (255 species; Table 1).

Regarding biomes, temperate forests and mountain cloud forests showed the highest
species richness, with 726 and 508 species, respectively, while xerophilous scrubland

Table 1. Species richness by biome and altitudinal range.

Biome Number of species Altitl(lii::;:)'ange Number of species
BHM 508 1) 126-736.4 255
BTEMP 726 2)763.4-1346.8 335
BTES 172 3) 1346.8-1957.2 539
BTH 436 4) 1957.2-2567.6 530
MXE 6 5) 2567.6-3178 426

MCF=mountain cloud forest; TF=temperate forest; SDTF=seasonally dry tropical
forest; THF=tropical humid forest; XS =xerophilous scrubland; 1 =very low; 2=low;
3=medium; 4=high; 5=very high.
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recorded only six species. These results indicate that higher altitudinal gradients associated
with forested biomes tend to support greater species diversity. However, it is important
to note that sampling effort was more concentrated along roadsides and surrounding

accessible areas (Table 1), which may have influenced species records.

Analysis of the Tree Stratum of the District of Ixtlan Based on NDVI

A total of 24 NDVI images were generated from the proposed analysis, corresponding
to four seasonal periods for each evaluated year (1995, 2000, 2005, 2010, 2015, and 2023).
The results indicate that vegetation exhibited better health conditions in 1995 compared
to 2023, as the latter showed an increase in disturbed vegetation indices.

NDVI values (Figure 2) ranged from —1 to 1, with a color scale extending from
red (disturbed vegetation) to green (healthy vegetation). In 2023 and January 2015,
predominant colors were mainly red to yellow tones, indicating lower vegetation vigor. In
contrast, January and May 1993, as well as May and July 2005, displayed greener tones
(higher NDVT values), suggesting healthier vegetation conditions with fewer disturbed
patches. A particular case was observed in July 2015, when NDVI values remained within
a positive range. By November 2015, vegetation conditions appeared more balanced, with
yellow-green tones predominating, the latter approaching values close to 1 (Figure 3).

Mean NDVI values indicate that the year 2000 exhibited one of the highest vegetation
health levels, with a minimum value of —0.22 and a maximum of 0.77. In contrast, 2005
showed comparatively lower vegetation health, with a minimum of —0.45 and a maximum
of 0.56 (Table 2).

NDVI Density by Biome

Rainier months favor improved vegetation health. In 1995, NDVI values during the
rainy season ranged from 0 to 0.8, with the highest biome concentrations occurring
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Figure 2. Ranges of Normalized Difference Vegetation Index (NDVI) values obtained from tree species
records by month and year in the District of Ixtlan.
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Figure 3. Normalized Difference Vegetation Index (NDVI) values for the District of Ixtlan in the years 1995,
2000, 2005, 2010, 2015, and 2023.

Table 2. Ranges of Normalized Difference Vegetation Index
(NDVI) values obtained for the different years analyzed in the
District of Ixtldn.

1995 —0.22325 0.196 0.6145
2000 —0.222 0.277 0.7755
2005 —0.45925 0.053 0.56525
2010 —0.44925 0.100 0.6495
2015 —0.19425 0.242 0.6785
2023 —0.13275 0.26 0.65175

between 0.2 and 0.6. Ten years later, during the same rainy months, NDVI values
fluctuated between —0.4 and 0.5, with greater density concentrated between 0.2 and
0.4. By July 2023, NDVI values ranged from 0 to 0.6; however, the highest concentration
occurred between 0 and 0.4, indicating a progressive deterioration in vegetation
condition over time. Changes in vegetation health are evident across the analyzed years.
The mountain cloud forest exhibited a mean NDVI value of 0.5 during the rainy season
in 1995, whereas in 2023 the mean decreased to 0.13, reflecting a marked decline in

vegetation health (Figure 4).
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Figure 4. Normalized Difference Vegetation Index (NDVI) values for the biomes distributed in the District of
Ixtlan, Oaxaca, Mexico, obtained through Kernel density analysis.

NDVI Density by Altitude

Altitudinal gradients play an important role in plant species distribution. NDVI values
obtained in 1995 ranged from 0 to 0.8; in 2005, from —0.6 to 0.6; in 2015, from —0.5 to
0.6; and in 2023, from 0 to 0.6, making vegetation degradation evident over time.

The highest altitudinal gradient showed mean NDVI values of 0.2, 0.4, and 0.58
in 1995; in 2003, this average decreased to 0.3; in 2015, the mean for this altitude was
between 0.22 and 0.3; and in 2023, it was 0.1 (Figure 5).

Alpha diversity
The Dominance index indicates the probability that a single species completely
dominates a biome; lower values reflect greater species richness, whereas values closer to 1

indicate lower species numbers (Medrano et al., 2017). In this study, temperate forest and
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Figure 5. Normalized Difference Vegetation Index (NDVI) values by month and altitude obtained through
Kernel density analysis.

mountain cloud forest exhibited the lowest dominance values (0.001377 and 0.001969,
respectively). In contrast, xerophilous scrubland showed the highest dominance (0.1667),
corresponding to only six recorded species. The Shannon index reflects species diversity.
Values <2 indicate low diversity, values between 2 and 3.5 indicate moderate diversity,
and values >3.5 are interpreted as high diversity (Carmona-Galindo & Carmona, 2013).
Most biomes presented values greater than 3.5; temperate forest showed the highest value
(6.58), whereas xerophilous scrubland had a value of 1.79, making it the least diverse
(Figure 6). The Simpson index ranges from 0 to 1, with values closer to 1 indicating higher
diversity and values near 0 reflecting dominance by one or few species (Simpson, 1949;
Del Rio et al., 2003). Most biomes showed high diversity, with values close to 1 (mountain
cloud forest=0.9; temperate forest=0.9). However, xerophilous scrubland presented the
lowest diversity, consistent with its reduced species number (six species). The Menhinick

index is a measure of species richness; higher values indicate greater richness. Temperate
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forest recorded the highest value (26.94), followed by mountain cloud forest (22.54), while
xerophilous scrubland showed the lowest value (2.45) (Figure 6).

Beta diversity

Beta diversity among biomes was calculated using the Whittaker index, which measures
species turnover between communities. Values of zero in the matrix indicate no species
turnover; however, species replacement was observed among several biome pairs.

The highest turnover values were recorded between xerophilous scrubland and the
other biomes, particularly with mountain cloud forest (0.99) and seasonally dry tropical
forest (0.99). In contrast, the lowest species replacement occurred between mountain cloud
forest and temperate forest (0.50), as well as between mountain cloud forest and tropical
humid forest (0.47246) (Table 3).
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Figure 6. Diversity indices under biome-based analysis.

A) Dominance index; B) Shannon index; C) Simpson index; D) Menhinick index; MCF=mountain cloud forest;
TF=temperate forest; SDTF=seasonally dry tropical forest; THF=tropical humid forest; XS=xerophilous
scrubland.

Table 3. Beta diversity values among biomes based on the Whittaker index.

BHM BTEMP BTES BTH MXE
BHM 1
BTEMP 0.50405 1
BTES 0.82941 0.72829 1
BTH 0.47246 0.65232 0.93421 1
MXE 0.98833 0.98361 0.98876 0.99095 1
BHM=humid mountain forest, BTEMP=temperate forest; BTES=seasonally dry

tropical forest; BTH=humid tropical forest; MXE=xerophytic scrubland.
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Biome Similarity

The relationship between biomes and altitude, based on species presence, indicates that
temperate forest and high altitude share more than 55% similarity. Likewise, tropical humid
forest and low altitude show approximately 48% similarity, while mountain cloud forest and
very high altitude present 45% similarity. A particular case is xerophilous scrubland, which
shows 0% similarity. This may be attributed to its low species richness (only six species),
making similarity with other biomes unlikely and suggesting that it represents a distinct
biome (Figure 7). Additionally, a clustering trend was observed, forming two main groups.
The first group comprises low altitudes associated with tropical humid forest, while the
second includes medium, high, and very high altitudes grouped with mountain cloud forest
and temperate forest. These two groups exhibit approximately 20% similarity. Finally,
seasonally dry tropical forest shows only about 12% similarity with the two previously
mentioned groups, likely due to its relatively lower species richness (172 species).

Regarding shrub presence across altitudinal levels, 228 species were recorded, in
contrast to Bautista-Bello ez al. (2019), who reported 132 species concentrated within the
altitudinal range of 1957-3178 m. This differs from the findings of Mijango-Ramos et al.
(2020), who suggest that species diversity decreases with increasing elevation due to less
favorable climatic conditions (a decrease of 0.6 °C per 100 m in altitude). However, in the
present case, greater species diversity was observed at higher elevations.

Vegetation vigor decreased over the years, as evidenced by the satellite imagery. These
findings are consistent with Mamani and Roman (2021), who reported a progressive decline
in vegetation vigor over time. Additionally, they evaluated temperature and precipitation
variables, identifying a relationship between increasing temperature, decreasing
precipitation, and vegetation health. In contrast, Chambe et al. (2021) indicate that NDVI
is more strongly influenced by temperature than by precipitation. Consequently, increasing
temperature may promote vegetation development under more favorable environmental

conditions, resulting in higher productivity and biomass accumulation.
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Figure 7. Similarity values between altitude and biome based on species presence, using the Jaccard index.
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The images used in this study corresponded to multiple years and different seasons,
in contrast to Ruiz ¢t al. (2017), who employed only two images per year across four time
periods. They assessed land-use and vegetation change, as well as the increase in human
activities, and reported NDVI values ranging from 0.1 to 0.5 for xerophilous scrubland
and oak forest. These values differ from those obtained in the present study, which range
from —0.13 to 0.77 across the analyzed biomes, where higher altitudes exhibited lower
NDVI values.

On the other hand, Olivares and Lépez-Beltran (2019) state that vegetation follows an
annual cycle in response to regular rainfall patterns and soil water storage. Consistent with
this, lower NDVI values were recorded during periods outside the rainy season, for example,
in January 1995 and 2000, September 2010, and July 2023. Conversely, the highest values
were recorded during the rainy season, specifically in July 2000 and November 2015 and
2023, in the Sierra Judrez of Ixtlan, Oaxaca.

Human activities affect ecosystem resilience, resulting in the loss, reduction, and delayed
recovery of vegetation cover, as reported by Kafy et al. (2022). Remote sensing analysis
based on NDVI shows the gradual deterioration of vegetation cover in the district of Ixtlan
de Judrez. A similar effect was identified by Tuesta ez al. (2023), who conducted a systematic
review of multitemporal analyses using satellite imagery and found forest decline at the
global level. However, in some Asian countries, they reported an increase in forested areas,
possibly as a result of passive restoration processes. At the regional level, Sudrez-Mota et al.
(2023) evaluated the degree of ecological restoration at a university campus (UNSIJ) in the
Sierra Norte of Oaxaca using satellite imagery and the Normalized Difference Vegetation
Index. They found that arboreal vegetation and secondary vegetation increased by 10 to
24.6%, concluding that vegetation has shown notable improvement in area despite urban
expansion within the university. At the state level, Gémez-Mendoza et al. (2008) analyzed
variations in NDVT in the state of Oaxaca, southern Mexico. Using satellite information,
they found that NDVI values during extremely dry periods were generally low, reflecting
the predominant vegetation conditions of the state; however, analysis during the rainy
season indicated rapid recovery of vegetation cover.

Seasonal analysis reflects dynamic NDVI values, as this index decreases during the dry
season and increases during the rainy season within each year. However, when analyzed
annually, NDVI shows a declining trend, indicating a loss of vegetation health. Barbosa
et al. (2006), through satellite image analysis using the Normalized Difference Vegetation
Index (NDVI), identified vegetation loss and deterioration across years and seasons. These
findings are consistent with the results observed in the present study, as the changes in the
Sierra Juarez, Oaxaca (Figure 3) are considerably evident.

Ecosystem degradation is a global concern, and various methods have been employed to
assess this issue in specific areas. Currently, methodologies based on satellite imagery have
been widely implemented, with NDVI being the most commonly used index to evaluate
trends in ecosystem health, as noted by Gaitan et al. (2015).

As previously mentioned, in 1995 forest health was better than in the other evaluated
years, with an average NDVT value of approximately 0.48. However, from 2005 onward,
the highest average NDVI value recorded was 0.30. NDVI ranges vary depending on
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the months analyzed, decreasing during the dry season and increasing during the rainy
season. Nevertheless, the decline in vegetation health over the years has been evident: the
highest NDVI levels were recorded in 1995 and the lowest in 2023, demonstrating limited
ecosystem recovery (Figure 2).

Several biomes were evaluated, finding that the highest Shannon index values are
presented by BTEM, BHM, and BTH, indicating that there is greater diversity than that
evaluated by Dadvila-Lara et al. (2019), mentioning that there is high diversity in forested
areas; however, in areas with forest exploitation there is a tendency for dominance to exist,
despite the fact that some temperate forest zones in the study were located within the

analyzed area, they continue to be biomes with the presence of arboreal and shrub species.
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ABSTRACT

Objective: To comprehensively evaluate the physicochemical characteristics of “La Encantada” Lagoon,
located within Lagunas de Montebello National Park (PNLM), during the 2024 rainy season.
Design/methodology/approach: Three sampling points (A, B and C) were established within the lagoon
at depths of 15-30 cm, with three replicates per site. In situ measurements included pH, temperature, and
electrical conductivity (EC), as well as turbidity, apparent color, and total suspended solids (T'SS). Samples were
preserved at 4 °C and subsequently reanalyzed ex situ to ensure analytical quality control and measurement
consistency.

Results: /n situ measurements showed turbidity values ranging from 18-19 FAU and T'SS from 16-18 mg L
with low spatial variability across the lagoon. EC exhibited spatial heterogeneity, with lower values at site A
(226 uS cm_l) compared to sites B-C (303-305 uS cm_l). Apparent color ranged from 111 Pt-Co (A) to 136
Pt-Co (B). Ex situ analyses recorded slightly higher temperatures (26.2-26.5 °C) and stable alkaline pH values
(9.16-9.40). EC increased to 307-312 uS cm™ ! while turbidity ranged from 14-21 FAU and apparent color
from 105-129 Pt-Co. TSS concentrations varied between 11-17 mg L7

Study limitations/implications: These findings establish a scientific baseline for assessing the interactions
among hydrometeorological drivers, water quality parameters, and microalgal community dynamics within
PNLM.

Findings/conclusions: The results indicate that the lagoon exhibits persistent alkaline conditions and reduced
optical water quality during the rainy season. This environmental setting promotes eutrophication processes
and potential alterations in trophic structure, consistent with reported occurrences of microalgal proliferation
in “La Encantada” Lagoon. Furthermore, these findings establish a scientific baseline for assessing the
interactions among hydrometeorological drivers, water quality parameters, and microalgal community

dynamics within PNLM.

INTRODUCTION

Lagunas de Montebello National Park (PNLM), located in southeastern Chiapas,
Mexico, was officially designated as a national park in 1959 (CONANP, 2025). In 2003,
it was recognized as Ramsar Site No. 1325 due to its ecological significance as a complex
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of permanent and seasonal karst freshwater wetlands characterized by high biodiversity
value (Ramsar, 2025). Since 2009, PNLM has been incorporated into UNESCO’s World
Network of Biosphere Reserves under the Man and the Biosphere (MAB) Programme.
The protected area harbors more than 2,315 recorded species of flora and fauna, of which
185 are classified under some conservation risk category (UNESCO, 2025).

PNLM is a federally protected area encompassing 6,286.83 hectares distributed
between the municipalities of La Trinitaria and La Independencia (CEIEG, 2025). The
park is physiographically structured into two principal regions: a northwestern plateau
and a southeastern intermontane zone. Within this karst landscape, more than 50 lakes
of karstic origin are present, exhibiting distinctive color gradients ranging from emerald
green to turquoise blue. These optical characteristics are primarily associated with
carbonate dissolution processes, soil stratification, aquatic vegetation dynamics, and solar
light refraction effects.

The lakes have been classified into four morphometric categories: (1) large and deep;
(2) large and shallow; (3) small and deep; and (4) small and shallow. Plateau-region lakes
are predominantly sustained by groundwater discharge and surface runoff from the Rio
Grande de Comitdan (RGC), which forms part of Mexico’s National Hydrological Region
No. 30 Grijalva-Usumacinta (Sosa-Aranda & Zambrano, 2019; Caballero et al., 2025a).
Notably, seven lakes constitute the Tepancoapan System: San Lorenzo, Bosque Azul,
Peninsular, Esmeralda, Bartolo, Pefiasquito, and Encantada. During the rainy season,
these lakes become seasonally interconnected through overflow and flooding of adjacent
lowlands, forming a single hydrologically continuous water body (CONANP, 2019).

The National Commission of Natural Protected Areas (CONANP) has reported that
since 2002, this lacustrine system has exhibited noticeable changes in lagoon coloration,
as well as episodes of aquatic fauna mortality (CONANP, 2019). In January 2003, the
National Water Commission (CONAGUA), in collaboration with the National Council of
Science and Technology (CONACyT), initiated a systematic monitoring program during
both the rainy and dry seasons to investigate the variations in water coloration documented
in at least four lagoons within the protected area. The monitoring strategy included
comparative analyses between lakes exhibiting oligotrophic characteristics and those
showing signs of eutrophication, with the objective of identifying shifts in water quality
and their relationship with ecosystem dynamics. However, in recent years, environmental
deterioration has intensified progressively, potentially associated with wastewater discharge,
excessive agrochemical use, and deforestation in the surrounding watershed (Maya-Garcia,
2017; Sosa-Aranda & Zambrano, 2019; Vargas-Sanchez ¢t al., 2022).

Previous studies have addressed specific components of the ecological dynamics within
PNLM. Morales-Hernandez et al. (2023) documented the presence of microalgal taxa
such as Monoraphidium sp. and Navicula sp. in “La Encantada” Lagoon, and reported their
association with key water quality indicators, including chemical oxygen demand (COD),
biochemical oxygen demand (BOD), and chlorophyll concentrations.

Within this context, the present study assesses “La Encantada” Lagoon during the
2024 rainy season, aiming to characterize representative physicochemical parameters,

evaluate their relationship with aquatic biodiversity and water quality status, and examine
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their potential linkage with precipitation patterns and anthropogenic pressures in the

surrounding watershed.

MATERIALS AND METHODS
Study Area

“La Encantada” Lagoon is located at 16° 07’ N latitude and 91° 43° W longitude (Figure
1), at an elevation ranging between 1,467 and 1,492 m above sea level within Lagunas de
Montebello National Park (PNLM), Chiapas, Mexico. The region is characterized by a
warm subhumid to semi-warm climate with rainfall distributed throughout the year, a

mean annual precipitation of approximately 1,800 mm, and a mean annual temperature

of 17 °C (Mora et al., 2017).

Sampling and Collection

Fieldwork was conducted from October 7 to October 9, 2024, during the rainy season.
Three sampling points were established within the lagoon, and water samples were collected
at depths between 15 and 30 cm using sterilized polyethylene containers. Three replicates
were obtained at each sampling site according to the geographic coordinates detailed in
Table 1 and illustrated in Figure 2.

During transport, samples were maintained at 4 °C in compliance with the specifications
established by NOM-230-SSA1-2002 to preserve sample integrity and minimize
physicochemical alterations prior to laboratory analysis.

Physicochemical Characterization

In Situ Measurements

The analyzed parameters included pH, temperature, and electrical conductivity (EC),
measured using a portable HQ40D multiparameter meter (Hach®, USA) in accordance
with the manufacturer’s specifications. Turbidity (FAU), apparent color (Pt-Co), and total

Figure 1. Location of the study area and boundary polygon of PNLM (adapted from Google Maps, 2025a).
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Figure 2. Sampling points in “La Encantada” Lake; geographic coordinates are presented in Table 1 (adapted
from Google Maps, 2025b).

Table 1. Geographic coordinates of the sampling points in “La Encantada” Lagoon.

Lagoon Sampling Points Latitude (N) Longitude (O)

A 16°7°13.5” 91°43°49.6”

La Encantada B 16°7°10.1” 91° 43 40.6”
c 16°7°18.9” 91°43°42.9”

suspended solids (T'SS, mg L_l) were determined using a DR900 portable colorimeter
(Hach®, USA).

Ex Situ Measurements

Parameters initially measured in situ were subsequently reanalyzed ex situ at Laboratory
No. 9 of Polo Tecnologico at the Instituto Tecnologico de Tuxtla Gutiérrez to verify
measurement consistency and detect potential variations associated with sample transport
and handling. This procedure constituted an essential quality control step to ensure data
reliability and analytical reproducibility.

The physicochemical characterization of the lagoon was established as a preliminary
and necessary stage for subsequent microalgal isolation, given that water quality conditions

directly influence microalgal diversity, abundance, and physiological status.

RESULTS AND DISCUSSION

During the rainy season, the mean water temperature across the three sampling sites
was 21x2 °C, with an alkaline pH of 9x1. Turbidity averaged 18+1 FAU, and TSS
remained at 16*+2 mg L™ l representing the parameters with the lowest spatial variability
among in situ measurements. In contrast, ECG exhibited pronounced differences among
sampling sites, with the lowest value recorded at site A (226 S cm™ l) and the highest at site
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C (305 uS cm™"). Apparent color showed a similar spatial pattern, with site B presenting
the highest value (136 Pt-Co) and site A the lowest (111 Pt-Co) (Table 2).

These variations likely reflect differences in mineralization gradients and suspended
particulate composition among the evaluated zones, potentially associated with localized
hydrological inputs and internal biogeochemical processes within the lagoon.

During the ex situ verification conducted in the rainy season, the mean water temperature
across the three sampling sites was 26.3%£0.15 °C, showing higher values than those
obtained in situ. The pH remained within an alkaline range (9.31%0.12), with minimal
variation among sampling points. Turbidity averaged 17%3.6 FAU, while total suspended
solids (T'SS) ranged between 11 and 17 mg L, exhibiting moderate variability.

In contrast, electrical conductivity exhibited higher values than those recorded in situ,
ranging from 307 uS cm™ ! at site B to 312 uS em™ ! at site A. Apparent color followed a
similar pattern, with the highest value observed at site C (129 Pt-Co) and the lowest at
site A (105 Pt-Co) (Table 3). These discrepancies relative to in situ measurements may
reflect minor physicochemical alterations during sample transport and handling, without

compromising the analytical reliability of the dataset for water quality assessment.

DISCUSSION

During the rainy season, “La Encantada” Lagoon exhibited significant variations in
its physicochemical parameters, reflecting the influence of precipitation patterns and
potential anthropogenic inputs.

Water Temperature
During the rainy season, in situ water temperature remained within the typical range

reported for shallow subtropical water bodies. However, once the samples were transported

Table 2. Mean values of the physicochemical parameters measured in situ.

Parameter Point A1-A3 Point B1-B3 Point C1-C3
T 21.9°C 922.7 °C 923.9 °C
pH 9.14 9.61 9.65
EC 226 s cm ™! 303 s cm ™! 305 us cm™!
Turbidity 19 FAU 19 FAU 18 FAU
Color 111 Pt-Co 136 Pt-Co 132 Pt-Co
TSS 16 mg L™ 18 mg ™! 16 mg ™!

Table 3. Mean values of the physicochemical parameters determined ex situ.

Parameter Point A1-A3 Point B1-B3 Point C1-C3
T 26.2 °C 26.5 °C 26.3 °C
pH 9.16 9.4 9.37
EC 312 us cm™! 307 us cm™! 310 us cm™!
Turbidity 16 FAU 21 FAU 14 FAU
Color 105 Pt-Co 116 Pt-Co 129 Pt-Co
TSS 11 mgL™! 17 mg L™ 16 mg L™!
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for laboratory verification, temperature values increased. This discrepancy between in
situ and ex situ measurements is expected, as post-collection warming or cooling during
handling and transport may influence recorded values.

Water temperature is closely linked to seasonal climatic conditions. Rainfall events are
commonly associated with increased cloud cover and the inflow of relatively cooler surface
waters, which may slightly reduce lagoon temperature. From an ecological perspective,
temperature constitutes a key driver of physical, chemical, and biological processes in
aquatic systems. Xu et al. (2022) highlight that water temperature plays a critical role in
regulating lake primary productivity by influencing physical properties, chemical reaction
rates, and biological activity, including microalgal growth.

Similarly, Zeng et al. (2022) indicate that temperature significantly affects water column
stratification. In shallow systems such as “La Encantada” Lagoon, intense rainfall events
may disrupt thermal stratification through the input of cooler water masses and wind-
induced mixing, thereby preventing the establishment of stable thermal layers. This process
enhances vertical mixing of nutrients and dissolved oxygen throughout the water column,
although it may also promote the resuspension of colder bottom sediments.

An important consideration is that persistently warm and stable temperature conditions
can favor certain algal proliferations. At a global scale, twentieth-century warming has
been associated with an increased frequency of harmful algal blooms (HABs), closely linked
to rising water temperatures. Although water temperature in “La Encantada” during the
rainy season is not elevated, any sustained thermal increase could promote the proliferation

of opportunistic microalgae, which typically thrive under warmer conditions.

Water pH

Water pH remained slightly alkaline under both in situ and ex situ conditions during
the rainy season. This condition is primarily attributable to the presence of carbonate
species in the water column, which are characteristic of karst regions and areas influenced
by calcareous groundwater infiltration and/or intense photosynthetic activity. PNLM is
located within one of the most diverse karst regions in Mexico (Mora ¢t al., 2016), where
tropical, rainforest, and warm subhumid karst systems are well represented within the
protected area.

In karstic lakes, water circulation promotes interaction with carbonate bedrock
(limestone and dolomite), and the geochemical equilibrium is largely governed by the

carbonate system:
CO, +H,0 +CaCO, = Ca’" +2HCO;

Calcite and dolomite dissolution, driven by soil-derived CO, and microbial
respiration, enriches the water with bicarbonate and calcium ions, conferring high
buffering capacity and typically maintaining pH values above 7.5. This represents a
defining feature of karst systems, characterized by elevated dissolved inorganic carbon
(DIC), increased CaH/Mg2+ concentrations, and dominance of the HCOg /COg_ pair

in carbonate chemistry.
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In neotropical karst lakes, reported pH values range from approximately 7.4 to 9.2,
with total dissolved solids (TDS) generally =500 mg L', which is consistent with the
~9 pH observed during the rainy season in “La Encantada” Lagoon (Chen ¢t al., 2021;
Caballero et al., 2025).

Electrical Conductivity

EC is an indicator of dissolved 1onic content and total salinity within the lagoon. During
the rainy season, EC values measured in “La Encantada” suggest a moderate ionic load
in the water column. Studies conducted in comparable lacustrine systems indicate that
rainfall generally reduces conductivity through dilution effects, as precipitation typically
exhibits low 1onic strength (<50 uS cm ™ !). However, this dilution effect may be offset or
even reversed when surface runoff mobilizes minerals and anthropogenic contaminants
from the watershed into the aquatic system (Kondowe ¢t al., 2022).

Notably, the EC values recorded during the 2025 rainy season were lower than those
reported by Morales-Hernandez et al. (2023), who documented a mean EC of 370 S cm L
Although sampling sites differed between studies, the comparatively lower EC observed in
the present assessment may reflect enhanced dilution of ionic constituents during rainfall

events, potentially reducing overall ionic concentration in the lagoon.

Water Clarity-Related Parameters

Turbidity is an optical measure of the loss of water clarity caused by suspended particles
—both inorganic and organic, including phytoplankton— that scatter and/or attenuate
light. In freshwater systems, turbidity is closely associated with light attenuation, photic
zone depth, and overall water transparency (USGS, 2018; Bowers et al., 2020). The in situ
turbidity values recorded in “La Encantada” (~18-19 FAU) and the ex situ range (~14-21
FAU) indicate a moderately turbid state consistent with rainy-season conditions. These
levels suggest sufficient particulate matter to reduce transparency and light penetration,
although not reaching extreme turbidity thresholds.

Precipitation events typically involve two common phases: (i) an initial dilution stage,
characterized by low-salinity meteoric inputs that may temporarily reduce turbidity, and
(i1) a subsequent increase due to surface runoff transporting fine sediments and organic
detritus into the water body. It has been documented that a single storm event can double
turbidity within less than 36 hours, and that seasonal mean turbidity during wet periods
is generally elevated due to diffuse inputs and sediment resuspension (Bowers et al., 2020;
Umwali et al., 2021). In shallow lakes, wave action and inflow pulses further promote
bottom sediment resuspension, sustaining turbidity levels even after peak rainfall has
subsided (Wymore et al., 2019).

Apparent color values (~105-136 Pt-Co; also referred to as APHA/Hazen units)
reflect the presence of chromophoric dissolved organic matter (CDOM). The observed
coloration range is likely attributable to rainfall-driven mobilization of CDOM from
soils, leaf litter, and organic-rich substrates within the watershed. CDOM strongly
absorbs blue and ultraviolet wavelengths, imparting a yellowish-brown coloration to the

water and reducing both euphotic zone depth and spectral light quality. This selective
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attenuation —particularly reduced blue/UV availability— can limit primary productivity
and influence phytoplankton community composition, even under comparable turbidity
conditions (Ahonen ef al., 2024; Younes & Berggren, 2024).

During the wet season, total suspended solids (T'SS) typically increase due to watershed
erosion, surface runoff (clays, silts, vegetal detritus), and internal sediment resuspension. In
tropical floodplain lakes and shallow lentic systems, T'SS often exhibit pronounced rainy-
season peaks, regulating the pulsed transport of particulate nutrients between hydrological

compartments (river-lake connectivity) and influencing overall ecosystem functioning.

CONCLUSIONS

“La Encantada” Lagoon, located within PNLM, exhibits alkaline conditions during
the rainy season, consistent with its karstic geochemical setting and carbonate buffering
dynamics. Reduced optical water quality —evidenced by moderate turbidity and elevated
apparent color— is linked to diffuse watershed inputs and spatial ionic heterogeneity
associated with rainfall and surface runoff dynamics. This environmental scenario may
promote ecutrophication processes and shifts in trophic structure, potentially favoring
increased microalgal dominance under sustained climatic or anthropogenic pressures.

Accordingly, seasonal and event-based monitoring is recommended to better
characterize short-term physicochemical variability and long-term ecological trends
within the lagoon.
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INTRODUCTION
Wild chili peppers of the genus Capsicum L. are widely distributed in Mexico, ranging
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remarkable morphological and sensory biodiversity in terms of fruit shape, size, color,
flavor, and pungency. At least 30 species are recognized within the national territory
(Hernandez-Verdugo et al., 2019), among which five domesticated species stand out:
Capsicum annuum L., C. frutescens L., C. pubescens Ruiz & Pav., C. chinense Jacq., and C.
baccatum L. In the state of Tabasco, several groups of wild species have been collected,
the most representative being C. annuum var. glabriusculum and C. frutescens L. (Narez-
Jimenez et al., 2014).

Piquin chili (Capsicum annuum var. glabriusculum) is considered the closest ancestor of
cultivated varieties of C. annuum and is widely distributed throughout Mexican territory.
Its harvest comes primarily from wild populations located in agroforestry systems,
representing a significant source of income for rural communities during collection seasons
(Ramirez-Novoa et al., 2018). At the international level, India is emerging as Mexico’s main
competitor, exporting piquin chili to the United States (Balderas-Quezada et al., 2023).
In Mexico, most of the production destined for both domestic and international markets
originates from natural wild populations (Medina et al., 2010).

Regarding its morphological characteristics, piquin chili fruits are small, upright-
growing, and green at the immature stage, turning bright red upon reaching physiological
maturity. They may exhibit various shapes and are recognized for their high vitamin A
content and antioxidant compounds. Various Indigenous communities have traditionally
used these fruits in folk medicine to treat respiratory conditions such as asthma and cough,
as well as to relieve sore throat and toothache, among other ailments (Balderas-Quezada et
al., 2023).

Piquin chili is commonly associated with thornscrub or submontane shrubland plant
communities, in which the Fabaceae family predominates. These species play an important
ecological role by providing shade during the early stages of development, thereby
contributing to plant establishment and growth (Medina ez al., 2010). In the state of
Sonora, piquin chili has been reported to occur in close association with Prosopis glandulosa,
whose shade cover has been linked to the production of higher-quality fruits (Bafuelos et
al., 2008).

Among the main factors limiting chili production under open-field conditions are water
scarcity and high temperatures. In this context, it has been reported that the combined
use of plastic mulch and adequate soil moisture in huacle chili (C. annuum L.) grown under
greenhouse conditions generated positive effects on plant phenological development,
increasing the number of flower buds by 57%, flowers by 83%, fruits by 45%, leaf dry
weight by 41.9%, fruit weight by 50.6%, and leaf area and leaf area index by 47% (Sanjuan
et al., 2022).

Recent studies have explored alternative production strategies under controlled
conditions. In the state of Veracruz, Mexico, for example, the performance of C. annuum
var. aviculare was evaluated under a high-density system (25,000 plants ha_l) with the use
of plastic mulch, obtaining yields exceeding 7 t ha ™ (Megchun-Garcia et al., 2024).

Currently, there is a notable lack of specialized technologies for the agronomic
management of piquin chili (Capsicum annuum var. glabriusculum) under intensive production
systems (Ramirez-Novoa et al., 2018). Despite this, in Saltillo, Coahuila, the effect of
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Raschel-type shade nets with 30% shading and different colors (black, red, blue, and white),
with 6 X8 mm openings, was evaluated in the cultivation of C. annuum var. glabriusculum.
The results indicated that white and blue nets significantly increased yield, as well as fruit
number and size (Paredes-Jacome et al., 2020).

In bell pepper (C. annuum L.) crops, the use of black shade netting promoted increases in
relative humidity, plant height, and leaf area (Ayala-Tafoya ¢t al., 2015). This same netting
has proven effective in reducing direct solar radiation, thereby helping to mitigate sunscald
damagein fruits and to lower ambient temperature. Furthermore, its use recreates conditions
similar to the natural habitat of piquin chili, favoring plant physiological development
and improving fruit quality compared to open-field cultivation systems (Ayala-Tafoya et
al., 2011). Based on the above, the effect of different levels of shade coverage using black
netting on the growth and production of two ecotypes of piquin chili cultivated with plastic
mulch was evaluated. It was hypothesized that the application of different shading levels
positively influences vegetative development and yield performance in at least one of the

evaluated ecotypes.

MATERIALS AND METHODS
The study was conducted at the facilities of the Tecnolégico Nacional de México/
Instituto Tecnolégico Superior de Jesus Carranza, located in the municipality of Jesus

Carranza, Veracruz, Mexico.

Fruit collection

Fruits were collected from wild plants exhibiting a healthy appearance and intense
green color in the Ejido La Revolucién community, San Juan Guichicovi, Oaxaca. Fruits
from two piquin chili ecotypes, designated Ecotype I and Ecotype II, were selected at the
mature stage. Subsequently, the fruits were exposed to sunlight for 24 h for drying.

Seed germination and seedling production

Seeds from Ecotypes I and II were treated with a growth promoter (HIGH PLAN T®)
at a concentration of 0.8 mL L™! of water for 24 h. The formulation of the promoter
contained the following components: nitrogen (N) 0.01%, phosphorus (P) 0.02%, potassium
(K) 0.02%, and gibberellic acid (GA;) 3.30%. After completion of the treatment, seeds that
settled at the bottom of the container were selected for use in the experiment.

A total of n=100 seeds from each ecotype were sown in 200-cell polystyrene trays using
a substrate composed of a mixture of sand, sawdust, and vermicompost in a 1:2:2 (v/v)
ratio. Seedlings emerged 11 days after sowing (DAS), and when they reached 15 cm in
height, they were transplanted into 23 X 30 cm polyethylene bags.

During the growth period, seedlings were irrigated with water every three days and
fertilized every eight days with Multiagro® at a dose of 10 mL L™" of water. For preventive
pest management, an organic neem extract (Biocontrol®) was applied at a rate of 10 mL
L~ of water. Additionally, during the seedling and transplant stages, Raizal® was applied
atadoseof 10 g L~ of water using the drenching method.
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Treatments

At 80 days of growth, the plants (32 per ecotype) were transferred to a shade-house
system, where raised beds measuring 30X 50 cm were established, with a length of 4 m.
To conserve substrate moisture, gray plastic mulch (Tacsa®) was used and secured with
industrial tape (Offiland®). Each plant received 500 g of vermicompost. The shade-
house system was installed in an open-field area, orienting the shade net from east to
west. Each shading level covered an area of 16 m?, and the distance between treatments
was 4 m.

During transplanting into the shade-house system, a hormonal biostimulant with
immunopotentiating properties (X-pledor®) and a rooting agent (Raizal®) were applied
twice, with an eight-day interval between applications. The experimental design was a
completely randomized block design with eight replications and four treatments, consisting
of different shading percentages: T'1 (control, 0% shade net), T2 (35% shade net), T3 (50%
shade net), and T4 (90% shade net).

For the morphological characterization of fruits from the mother plants, 16 g of fruits
from each ecotype were collected. Fruit length, fruit width, the fruit length-to-width
ratio (FL/FW), number of fruits per plant, number of seeds per fruit, and fruit color were
measured.

Germination percentage was also evaluated by recording daily the number of seeds
showing radicle emergence (2 mm) up to 25 DAS. The Mean Germination Rate (MGR)
was calculated using the following formula:

MGR=nt

where: MGR is the mean germination rate; z is the total number of germinated seeds, and

¢ is the time from sowing until the last seed germinated.

Emergence percentage was calculated as the number of emerged seedlings divided by
the number of seeds sown X 100.

Seedling growth evaluation was initially conducted during the greenhouse stage up
to 72 DAS. Subsequently, after transplanting into the shade-house system, monitoring
continued until 152 DAS. In both phases, plant height and stem diameter were recorded.
Measurements were taken at eight-day intervals, beginning at 16 DAS for seedlings in the
greenhouse stage. For plants transplanted into the shade-house system, data recording
began at 80 DAS. Measurements were performed using a 3 m measuring tape (Truper®)
and a caliper (Pretul®). Data were recorded in spreadsheets using Microsoft Excel®
software.

Statistical analysis

Data were analyzed using analysis of variance (ANOVA) followed by Tukey’s post hoc test
(P=0.05) to determine differences between ecotypes. The statistical software MINITAB,
version 17, was used.
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RESULTS AND DISCUSSION

Table 1 presents the morphological results of the fruits from the studied ecotypes. Fruits
of Ecotype I had an average length of 1.61%0.02 cm, whereas fruits of Ecotype 1I were
longer, reaching an average of 2.51+0.04 cm. The FL/FW ratio showed that fruits of
Ecotype II were more elongated or narrower compared to those of Ecotype 1.

Regarding width, fruits of Ecotype I were slightly wider and, in addition, this ecotype
produced a greater number of fruits per plant compared to Ecotype II. Significant
differences (P<0.05) were recorded between the two ecotypes in terms of the number
of seeds. At maturity, both ecotypes exhibited red-orange coloration. However, the most
distinctive characteristic was the shape of the fruit apex: Ecotype I was characterized by an
oval-shaped tip, whereas Ecotype II exhibited a pointed tip.

These morphological differences may be associated with structural factors derived from
the adaptation of the ecotypes to different local microclimates. Herndndez-Verdugo et al.
(2012) indicate that climatic factors such as temperature, water availability, and human
intervention directly influence the phenotype of wild chili populations. Likewise, Zhiglia et
al. (2014) report that the genus Capsicum is characterized by wide variability in fruit type,
color, shape, flavor, and phytochemical content. In the case of wild chili (Capsicum annuum
var. glabriusculum), traits such as the FL/FW ratio, fruit shape, and apex shape have been
identified as key characters for distinguishing among populations (Alcald-Rico et al., 2022).

Emergence percentage

ANOVA showed significant differences (P=<0.05) in emergence percentage between
Ecotype I and Ecotype II. In both cases, emergence began at 10 DAS, with the appearance
of two seedlings in Ecotype I and three in Ecotype 1I. By 14 DAS, Ecotype I reached 70%
emergence, whereas Ecotype I reached 55%. These percentages remained constant until
20 DAS (Figure 1).

Mean germination rate was higher in Ecotype I, with a value of 3.5, compared to
Ecotype II, which recorded a rate of 2.75. These results suggest that Ecotype I has greater
germinative capacity under the evaluated experimental conditions.

Similar findings have been reported in previous studies. Research on seeds of Capsicum
annuum L. var. glabriusculum (chiltepin) treated with gibberellic acid showed 97% germination
at eight days and an average seedling height of 6.5 cm at 30 days under greenhouse

Table 1. Morphological characteristics of fruits from Ecotype I and Ecotype II of Capsicum annuum
var. aviculare collected from mother plants in the Ejido La Revolucién, San Juan Guichicovi.

Characteristics of the fruit Ecotype I Ecotype II
Fruit length (cm) 1.61+0.02 2.51+0.04
Fruit width (cm) 0.76x0.02 0.69%+0.01
FL/FW 2.14%+0.07 3.65%+0.07
Number of fruits per plant 204 138
Number of seeds per fruit 20.6%x1.19 22.7%+2.49
Fruit color at maturity Red-orange Red-orange

FL/FW: ratio of the length and width of the fruit.
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Figure 1. Emergence percentage of Ecotype I and Ecotype II of Capsicum annuum var. aviculare.

conditions (Araiza et al., 2011). On the other hand, Gonzdlez et al. (2015) evaluated the
effect of the biostimulant Biozyme TF (gibberellic acid 31 ppm + indoleacetic acid 31
ppm + zeatin 83 ppm) at 1.6%, applied by seed immersion for 24 h. In their study with
Capsicum annuum L. var. glabriusculum, they achieved 86% germination at 12 days after

sowing, indicating a positive effect of the hormonal treatment.

Seedling height and stem diameter under greenhouse conditions

No significant differences were observed in seedling height between Ecotypes I and II
(Figure 2a). Ecotype I showed a height range from 3.4£0.03 cm to 22.5%0.16 cm, whereas
Ecotype II ranged from 3.4%0.00 cm to 21.0%£0.00 cm. From 48 DAS onward, seedlings
of Ecotype I were slightly taller than those of Ecotype II. Regarding stem diameter, a trend
similar to that observed for seedling height was recorded. Values for Ecotype I ranged from
0.10£0.00 cm to 0.31x0.00 cm, while Ecotype II ranged from 0.10+0.00 cm to 0.30+
0.00 cm. A slight increase in stem thickness was observed in both ecotypes from 56 DAS
to 72 DAS. The absence of differences in height and stem diameter between Ecotypes I
and II indicates that, despite possible genetic variation, both exhibited similar vegetative
development under controlled growing conditions. The slight variations observed during
the seedling stage may be attributed to differences in cell elongation rate and differential
assimilation of nutrients contained in the growth promoter used. Previous studies
support these findings. Cano et al. (2015) evaluated 16 accessions of Capsicum annuum var.
glabriusculum treated with gibberellic acid, potassium nitrate, and hydrogen peroxide. In
that study, gibberellic acid was the treatment that most strongly promoted germination
and growth rate, particularly in accessions from Acaponeta and Tuxpan, which reached
germination rates of up to 70%. Furthermore, low germination in these accessions was

mainly attributed to physiological dormancy.

Plant height under black shade net conditions
In the evaluation of the different shading levels applied in the shade-net system, no

statistically significant differences (p=<0.05) were found among treatments for Ecotypes I
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Figure 2. Height (a) and stem diameter (b) of seedlings of Ecotypes I and II of Capsicum annuum var. aviculare
grown under greenhouse conditions.

and II (Figure 3a and 3b). It is important to note that, during the productive stage, plants of
Ecotype I were generally taller than those of Ecotype 11. Plants of Ecotype I exposed to 90%
shading (T'4) were the tallest among treatments, reaching an average height of 77+0.32 cm
at 152 DAS, compared with plants grown without shading (T'1), which averaged 62.5+3.0
cm (Figure 3a).

In contrast, Ecotype 1l exhibited a different growth pattern compared to Ecotype L.
Plants grown under the different treatments showed similar height, except for those under
T2, which were slightly shorter during the productive stage (Figure 3b). Slower growth
was observed in plants under T2 and T3 between 96 and 112 DAS; however, during the
productive stage, no significant differences were recorded compared to the other treatments.
Plants of chile piquin (Capsicum annuum var. aviculare) under T4 (90% shade) reached similar
sizes by 104 days of age, exceeding 65 cm in height. Plants of chile piquin (C. annuum var.
aviculare) grown under plastic cover have shown positive effects on growth under open-field
conditions, reaching 68 cm at 97 days (Megchun et al., 2024). Our results indicate that the
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Figure 3. Plant height at 80 DAS of Ecotype I (a) and Ecotype II (b) grown under a shade-net system with
different shading levels. T1: no shade net; T2: 35% shade net; T3: 50% shade net; and T4: 90% shade net.
Means =+ standard error for each treatment. DAS: days after sowing.

combined use of plastic mulch and 90% shade net under open-field conditions enhances
the development of chile piquin plants, as plant height increases in response to reduced
light availability.

Stem diameter of plants grown under black shade net conditions

Under the shade-net system, plants of Ecotype I evaluated at 80 DAS under treatment
T3 exhibited a significantly greater stem diameter during the first two weeks compared
to the other treatments (Figure 4a). However, between 104 and 152 DAS, no significant
differences in stem diameter were observed among the shading treatments and the control
plants (T'1).

For Ecotype II, plants under T4 showed a slight increase in stem diameter at 88
DAS. In contrast, plants under T'1 were thinner between 96 and 120 DAS, which was
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associated with increased plant height (Figure 3). At 152 DAS, no significant differences
in stem diameter were recorded between shaded plants and the control group (Figure 4b).
Opverall, no significant differences in stem thickness were observed between Ecotypes 1
and IT under the shade-house system (Figure 4). These results indicate that both ecotypes
follow a similar growth pattern with respect to stem diameter. Additionally, a possible
relationship between increased stem thickness and greater plant height was observed,
suggesting that both traits may be developmentally coordinated and potentially regulated
by genetic mechanisms. It is worth noting that these results differ from those reported
by Paredes-Jacéme et al. (2019), who observed that chile piquin grown in macrotunnels
with 30% white Raschel shade net exhibited an average basal stem diameter of 6.29 mm,

whereas plants grown under black net reached 4.15 mm.
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Figure 4. Stem diameter of plants at 80 DAS of Ecotype I (a) and Ecotype II (b) grown under a shade-net

system with different shading levels. T1: no shade net; T2: 35% shade net; T3: 50% shade net; and T4: 90%
shade net. Means * standard error for each treatment. DAS: days after sowing.
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Fruit production under black shade net conditions

Significant differences in fruit production were found between the evaluated ecotypes
(p=0.05), with Ecotype I exhibiting higher productivity than Ecotype II across the different
shading levels (Table 2). Within Ecotype I, treatment T3 had the greatest positive effect on
fruit production, with an average of 310+4.48 fruits per plant. For Ecotype 11, treatments
T3, T4, and T2 produced a higher number of fruits compared to the non-shaded treatment
(T'1), with T'3 being the most productive, averaging 185%1.41 fruits per plant.

Table 2. Number of fruits obtained under the shade-net system with
different shading levels.

Treatment Ecotype I Ecotype 11
T1 235+8.07b 153£4.48 b
T2 249+8.37b 168x£5.13 a
T3 310+£4.48 a 185+1.41a
T4 256+£1.45b 174£1.69a

T1: no shade net; T2: 35% shade net; T3: 50% shade net; and T4: 90%
shade net. Means followed by different letters are significantly different
(Tukey, p=<0.05) within each ecotype.

Studies conducted in Sonora, Mexico reported that the dry fruit yield of chiltepin
(Capsicum annuum var. glabriusculum), harvested every three days, was 1.45 times higher
under greenhouse conditions compared to plants grown under mesquite (Prosopis sp.)
stands. Furthermore, recent research has indicated that chiltepin production can be
significantly improved when cultivated under colored shade nets or structures with anti-
aphid mesh walls (Caughey et al., 2020). The use of white and blue shade nets increases
yield, fruit number, and fruit size (Paredes-Jacéme et al., 2019). Chiltepin is considered a
fruit of high nutritional relevance. In this context, Reyes ez al. (2018) demonstrated that the
use of a blue shade net with 30% shading had a positive effect on vitamin C content and
antioxidant properties of the fruits compared to plants grown under open-field conditions
with a 30% black shade net. On the other hand, the use of plastic mulch has shown
additional benefits in the production of Capsicum annuum, such as huacle chili. According
to Sanjuan et al. (2022), this strategy improved soil moisture content and resulted in an 85%
increase in flower bud formation, an 89% increase in open flowers, and a 65% increase in
fruit production under greenhouse conditions. Black shade nets help reduce temperature
and protect fruits from sun damage; therefore, their effect may vary depending on shade
density (Ayala-Tafoya et al., 2015).

CONCLUSIONS

Seedlings of Ecotypes I and II grown under greenhouse conditions at 72 DAS showed
no differences in height or stem diameter. However, after transplanting to the field, plants of
Ecotype I were taller than those of Ecotype II during the productive stage at 152 DAS. The
different shading levels did not have a significant impact on plant growth. Nevertheless,

the 50% shading treatment (T'3) enhanced fruit production in both ecotypes, with Ecotype
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I producing 1.68 times more fruits during the productive stage compared to Ecotype 1I.
Therefore, Ecotype I of Capsicum annuum var. aviculare represents a viable alternative for

establishment and production under 50% shade-net conditions (1'3).
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ABSTRACT

Objective: This study presents a bibliometric analysis of scientific publications on Macrobrachium acanthurus,
aiming to identify strengths and weaknesses in the development of research on this species.
Design/methodology/approach: One hundred scientific articles were retrieved from the Scopus database
to identify the most relevant authors, institutions, countries, journals, and subject areas. The records were
refined and standardized to avoid duplication, and a descriptive analysis was conducted using {requency and
percentage distribution. Additionally, VOSviewer software was used to construct co-authorship, keyword co-
occurrence, and international collaboration network maps.

Results: In terms of individual productivity, the authors Bertini, Hernandez-Hernandez, and Freire lead in
number of publications. The journals with the highest number of articles were the Latin American Journal
of Aquatic Research and Crustaceana. The thematic analysis identified five main areas: reproduction and
development, conservation and sustainable aquaculture, genetics and molecular biology, nutrition and feed,
and biotechnology and applications. VOSviewer maps confirmed the existence of consolidated collaboration
clusters, although with some groups remained isolated, and highlighted the centrality of Brazil and Mexico in
international networks.

Limitations on study/implications: The analysis was limited to the Scopus database; therefore, variations
may arise if other databases are included.

Findings/conclusions: The results indicate that research is primarily concentrated in Brazil and Mexico.
The University of Sdo Paulo, Sdo Paulo State University, the Federal University of Parana, the National
Autonomous University of Mexico, and the University of Guadalajara emerge as the leading academic
institutions. This study provides an integrated overview of the dynamics, gaps and research opportunities
related to Macrobrachium acanthurus, offering valuable insights to guide scientific agendas, foster collaboration
strategies, and support the acquaculture development of native species.

Keywords: Macrobrachium sp., Bibliometrics, Scientific collaboration, VOSviewer, Sustainable aquaculture.
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INTRODUCTION

The genus Macrobrachium (Bate, 1868) comprises more than 238 species distributed
in rivers and freshwater bodies across tropical and subtropical regions worldwide and
represents the most diverse group within the family Palaemonidae. Many of these species
support artisanal fisheries and hold economic, social, and cultural importance, in addition
to their potential for aquaculture development.

Scientific research on the genus has shown a marked bias toward a few species of global
commercial interest, particularly M. rosenbergii, which accounts for more than 60% of the
published scientific output (Chong-Carrillo et al., 2015).

In Latin America, previous analyses have identified Brazil and Mexico as leading
research hubs in freshwater crustaceans, with significant advances in locally important
species such as M. amazonicum, M. tenellum, and M. americanum (Chong-Carrillo et al.,
2018).

In Mexico, a recent analysis confirmed that although progress has been made in species
of the genus Macrobrachium, their publication volume remains marginal compared with
penacid shrimps, particularly Penaeus vannamei, which accounts for approximately 75%
of the national scientific output. In this context, M. acanthurus exhibits limited research
production, reinforcing the need for specific studies to highlight its contributions and
research gaps (Chong-Carrillo et al., 2024).

The growing interest in M. acanthurus is justified by its wide distribution in American
rivers, its importance in artisanal fisheries, and its potential for aquaculture.

From an aquaculture production perspective, limitations persist in the development of
cultivation techniques, particularly during the larval stage, which continues to represent
a technological bottleneck. There is also a need to further investigate aspects of nutrition,
physiology, and immunology (Hernandez-Herndndez et al., 2024).

Although M. acanthurus has approximately 100 articles indexed in Scopus, to date no
analysis of the scientific production dedicated exclusively to this species has been conducted.
Therefore, this study aims to fill that gap by systematizing the existing scientific output
through a bibliometric analysis complemented by co-authorship, keyword co-occurrence,
and international collaboration maps generated using VOSviewer.

This effort constitutes the first comprehensive approach to the publication dynamics
surrounding M. acanthurus, including annual scientific production; production by authors,
institutions, countries, journals, and subject areas; keyword connections; and co-authorship
networks. Its main objective is to provide key information to guide future research and
strengthen its potential aquaculture utilization.

MATERIALS AND METHODS

A total of 100 articles published on M. acanthurus between 1960 and 2024 were retrieved
from Scopus. Duplicate documents, records without an available abstract, and documents
not classified as scientific articles (e.g., editorial notes or errata) were excluded. The
documents were organized into CSV and Excel files. Based on the available information,

authors, institutions, countries, journals, and abstracts were evaluated.
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The records were cleaned and standardized to unify name variants and avoid
duplication. Abstracts were examined and analyzed to identify thematic trends.

The descriptive analysis was performed using frequency counts and relative percentages,
supported by spreadsheets and Python routines.

In addition to the descriptive analysis of authors, institutions, countries, journals,
and abstracts, VOSviewer software (van Eck, N. J., & Waltman, L., 2010) was used to
construct visualization maps of co-authorship networks, keyword co-occurrence, and
international collaboration among countries. These maps enabled the identification of
thematic and scientific collaboration clusters, represented in different colors according

to the degree of connection.

RESULTS AND DISCUSSION
The bibliometric analysis of the 100 articles retrieved from the database made it
possible to identify the main actors, institutional and geographic trends, as well as the

predominant thematic areas in research on M. acanthurus and related species.

Scientific Production by Year (Temporal Fluctuation of Scientific Output)

The temporal analysis of publications reveals an irregular trajectory with an overall
upward trend. Between the 1960s and the 1990s, scientific output remained low,
ranging from 0 to 2 articles per year. A slight increase is observed after 2000, and the
upward trend intensified from 2010 onward, reaching peaks of 7 to 8 articles in certain
years.

These results indicate that scientific interest in M. acanthurus has increased markedly
over the past two decades, in line with the expansion of aquaculture research and the

growing recognition of the importance and conservation of native species in Latin America

(Figure 1).

oh (=]
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Figure 1. Chronology of publications on Macrobrachium acanthurus according to Scopus.
Source: Authors’ own elaboration.
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Author productivity

A marked concentration of scientific output was observed among a small number of
researchers. The most productive author was G. Bertini, with nine publications, followed
by L. H. Hernandez-Herndndez and C. Arruda Freire, each with eight articles. Other
notable contributors included L. S. Lépez-Greco (six articles), G. Soares Moreira (five),
and a group with three to four contributions, among whom S. A. Frias-Gémez, M.
A. Fernandez Araiza, and I'. Vega-Villasante stand out. This distribution indicates the

presence of consolidated research cores, supported by recurrent collaborators.

Participating institutions

Brazilian universities were predominant in the institutional distribution of publications.
The Universidade de Sao Paulo led the ranking with 13 articles, followed by the
Universidade Estadual Paulista “Julio de Mesquita Iilho” and the Facultad de Estudios
Superiores Iztacala (UNAM, Mexico), each with 12 publications. Other prominent
institutions included the Universidade Federal do Parana (9 articles) and the Universidad
Nacional Auténoma de México (8).

Figure 2 illustrates the strong presence of Brazilian and Mexican academic centers in

research on freshwater crustaceans.

Geographic distribution
In terms of countries, Brazil accounted for the largest share of scientific output, with 59
articles (59%), followed by Mexico with 23 (23%). To a lesser extent, contributions were
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Figure 2. Most frequently cited institutions in articles on Macrobrachium acanthurus indexed in Scopus.
Source: Authors’ own elaboration.
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recorded from the United States (14), Argentina (6), and Venezuela (11), as well as from

European countries such as Germany and Spain, which showed sporadic contributions.
Figure 3 illustrates the predominance of Brazil and Mexico, which may be explained by

the natural distribution of the genus Macrobrachium and the consolidation of specialized

research groups focused on aquaculture and the ecology of native species.

Main publication journals

The articles were published in a diverse range of journals specializing in aquaculture,
invertebrate biology, and ecology. The most representative were Latin American Journal
of Aquatic Research and Crustaceana, each with seven articles, followed by Invertebrate
Reproduction and Development (six articles) and Aquaculture (four).

Figure 4 suggests that publication in indexed international journals reflects a sustained
effort by Latin American researchers to provide global visibility to studies conducted in the
region (Figure 4).

Thematic areas
The analysis of the abstracts allowed the classification of the articles into five major
knowledge areas (Figure 5):

Reproduction and development: 45 articles (24.7%), with emphasis on fecundity,
morphotypes, reproductive strategies, and larval development.

Conservation and sustainable aquaculture: 34 articles (18.7%), focused on diversity,
geographic distribution, population biology, and sustainable management.

Genetics and molecular biology: 33 articles (18.1%), covering gene expression,
transcriptomic analyses, and molecular studies of hemocyanins.

Nutrition and feeding: 20 articles (11%), addressing diet evaluation, nutritional
requirements, and micronutrient bioassays.

Chile Australia India
2% 2% 2%

United Kingdom

Germany 2%
2%

Venezuela

3%
Jamalca

3%

Argentina
5%

United States
12%

Figure 3. Publications on Macrobrachium acanthurus by country, with percentage of participation.
Source: Authors’ own elaboration.
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Figure 5. Thematic areas in scientific publications on Macrobrachium acanthurus indexed in the Scopus database,
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Source: Authors’ own elaboration.

Biotechnology and applications: 20 articles (11%), related to biomedical and
biotechnological uses of crustacean-derived compounds, as well as innovations in
cultivation techniques.

These results reflect the thematic diversity of the research field, with a clear
predominance of studies focused on reproductive biology and conservation, followed by
molecular and applied approaches.
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Keyword connections

Figure 6 shows that the co-occurrence analysis of terms in abstracts and keywords
reveals clearly defined thematic clusters centered on reproduction, physiology, toxicology,
and conservation. The largest nodes correspond to terms such as Macrobrachium acanthurus,
reproduction, development, and aquaculture, which function as organizing axes of the

literature (Figure 6).

Co-authorship networks

The co-authorship maps shown in Figures 7a and 7b reveal the existence of well-
defined clusters of researchers, with strong links among the most productive authors
and their respective research groups. Some clusters are interconnected, whereas others
remain isolated, indicating the presence of consolidated collaborative networks alongside
independent research cores.

The international collaboration map highlights Brazil and Mexico as the main
production hubs, with visible connections to the United States, Argentina, and several
European countries. However, a considerable number of countries show no international
linkages, reflecting asymmetries in scientific cooperation (Figures 7a and 7b).

The bibliometric analysis conducted highlights the central role played by Brazil and
Mexico in research on M. acanthurus and related species. This geographic predominance is
not unexpected, as both countries harbor the greatest diversity of species within the genus

and maintain strong academic communities in aquaculture and invertebrate biology.
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However, the contrast with the limited representation of other Latin American countries
such as Chile, Colombia, and Peru reveals a regional asymmetry that may constrain the
integration of research within a broader continental framework.

The temporal evolution of publications on M. acanthurus confirms a pattern of late and
uneven growth, characterized by low productivity until the late twentieth century and a
sustained increase beginning in 2010. This trend is consistent with the findings of Chong-
Carrillo et al. (2015, 2018), who note that research on Macrobrachium has historically
been concentrated within a limited number of groups and has intensified only in recent
periods. In Mexico, as reported by Chong-Carrillo e al. (2024), this increase has not been
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homogeneous across species: whereas M. tenellum and M. americanum have experienced
specific upturns, M. acanthurus has maintained moderate but steady growth. Herndndez-
Herndndez et al. (2024) emphasize that although the species has attracted attention due to
its ecological and aquaculture relevance, the lack of progress in larviculture and cultivation
techniques has constrained the consolidation of a sustained line of applied research. In this
regard, the temporal curve reflects both the growing scientific recognition of the species
and the structural limitations that have hindered development comparable to that of other
species within the genus.

At the institutional level, the strong participation of Brazilian universities (USP, UNESP,
UFPR) and Mexican institutions (UNAM and University of Guadalajara) demonstrates
the consolidation of specialized research cores capable of sustaining continuous scientific
production. These institutions not only lead in terms of publication volume, but also act
as centers for training human resources, thereby ensuring the continuity of research lines.
Interinstitutional collaboration, reflected in international co-authorships, reinforces the
idea that the study of Macrobrachium represents a shared agenda among Latin American
research groups and some international partners, mainly from the United States and
Europe. This pattern is consistent with Chong-Carrillo et al. (2015), who emphasize
that scientific production on Macrobrachium has historically depended on concentrated
and relatively isolated research groups, with still incipient international linkages. In the
case of Mexico, the situation reflects a relative lag within the genus itself. Although M.
tenellum and M. americanum have shown peaks in scientific productivity, M. acanthurus has
remained at low and constant levels, without notable upturns in recent decades (Chong-
Carrillo et al., 2024). This situation is related to what the same authors describe as a bias
toward the cultivation of penacids —mainly Penacus vannamei— which has relegated native
Macrobrachium species. The consequence is limited technological development for these
species and a dependence on production models centered on exotic species.

The pattern observed in publication journals is consistent with the profile of the
research topics addressed. The high frequency of articles in specialized journals such
as Crustaceana, Invertebrate Reproduction and Development, and Latin American
Journal of Aquatic Research reflects an orientation toward basic biology, reproduction,
and ecology, whereas the presence of publications in Aquaculture highlights the applied
relevance of these species. However, the limited publication in higher-impact international
journals suggests an ongoing challenge in the internationalization and global visibility of
regional research.

Regarding thematic areas, the clear predominance of studies on reproduction
and development (24.7%) reflects the importance of understanding life cycles and
reproductive strategies in order to overcome the main bottlenecks in the cultivation
of M. acanthurus. In turn, the significant presence of the conservation and sustainable
aquaculture category (18.7%) highlights concern for the management of natural
populations and the valuation of biodiversity, responding both to artisanal fishing
pressure and habitat degradation. The growing attention to genetics and molecular
biology (18.1%) indicates a process of methodological modernization aimed at
integrating frontier approaches to explain physiological and adaptive processes.
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Finally, studies on nutrition (11%) and biotechnology (11%) provide practical solutions
for cultivation systems and open up opportunities for utilization in biomedical and
biotechnological sectors. This is consistent with the patterns reported by Herndndez-
Herndndez et al. (2024), who emphasize that research on M. acanthurus has been
oriented primarily toward reproductive and physiological biology, while technological
application —particularly larval cultivation— continues to represent a bottleneck. Our
results reinforce this critical perspective by revealing a gap between basic biological
research and aquaculture application. Overall, the findings indicate that research on
Macrobrachium is in a phase of thematic and methodological consolidation, in which
classical lines of inquiry (reproduction, nutrition, physiology) coexist with emerging
areas (molecular biology, biotechnology, conservation). However, several gaps persist:
() the lack of comprehensive studies linking wild population ecology with aquaculture
development; (ii) the need for stronger regional and global collaboration; and (iii) the
challenge of publishing in higher-impact international journals in order to position
Latin American research within a global context.

The VOSviewer maps allow the quantitative results to be contextualized. The co-
authorship structure confirms the existence of consolidated research cores in Brazil and
Mexico, although with limited international connections, which is consistent with the
fragmentation previously reported by Chong-Carrillo et al. (2015, 2018). Likewise, the
keyword network reinforces the centrality of topics such as reproduction, development,
and aquaculture, reflecting both the continuity of traditional priorities and the absence of
a strong shift toward emerging areas. Although most research is concentrated within well-
defined clusters, isolated groups persist that could benefit from greater cooperation.

The keyword network supports the thematic classification derived from the abstracts,
highlighting the centrality of reproduction, physiology, and conservation. This finding
confirms that research priorities are aligned with the main bottlenecks in cultivation and
the need to protect natural populations.

Finally, the country collaboration network underscores the regional relevance of Brazil
and Mexico, while also pointing to the urgency of expanding collaboration into broader
international contexts. The lack of extensive linkages may constrain the global visibility of
these studies and their integration into wider scientific debates.

Overall, the evidence indicates that research on M. acanthurus is in a phase of thematic
and methodological consolidation, but faces three main challenges: (i) overcoming the gap
between basic research and technological application, particularly in larval cultivation
(Herndandez-Herndndez et al., 2024); (ii) expanding international collaboration and
reducing cluster fragmentation (Chong-Carrillo ez al., 2015; 2018); and (iii) diversifying the
research agenda in Mexico and Latin America to reduce the lag behind more extensively
studied species within the genus and compared with cultivated penaeids (Chong-Carrillo
et al., 2024).

From a science policy perspective, these findings suggest the need to strengthen funding
for native species, promote regional research networks, and link basic research with
technological development in sustainable aquaculture.
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CONCLUSIONS

The present bibliometric analysis of 100 articles on M. acanthurus reveals a scientific
output concentrated in Brazil and Mexico, countries that host both the greatest natural
diversity of the genus and well-established academic institutions in aquaculture and
invertebrate biology. The Universidade de Sdo Paulo (USP), Universidade Estadual
Paulista “Julio de Mesquita Filho” (UNESP), Universidade Federal do Parand (UFPR),
Universidad Nacional Auténoma de México (UNAM), and the University of Guadalajara
stand out as research hubs and centers for training human resources.

The co-authorship network analysis conducted with VOSviewer confirms the presence
of consolidated clusters of researchers, particularly in Brazil and Mexico, although
isolated cores persist, reflecting collaboration that remains limited at the global scale.
Complementarily, the country collaboration map shows the centrality of Brazil and
Mexico in scientific output, with linkages primarily to the United States, Argentina, and
several European countries, highlighting the need to expand international networks.

Specialized journals in invertebrate biology and aquaculture have been the main
dissemination channels, ensuring thematic relevance but limiting the international visibility
of the results. Integration into higher-impact forums represents both a challenge and a
strategic opportunity to enhance the global projection of this research.

Regarding thematic axes, the analysis of abstracts and the keyword co-occurrence map
generated in VOSviewer consistently highlighted the centrality of studies on reproduction
and development, followed by conservation and sustainable aquaculture, genetics and
molecular biology, and, to a lesser extent, nutrition and biotechnology. These patterns
reflect a field in transition, combining classical approaches with more modern and applied
approaches.

Overall, the results indicate that research on M. acanthurus is undergoing a phase of
consolidation and diversification, although it still faces significant challenges: integrating
ecological and cultivation studies, strengthening international cooperation, and achieving
greater visibility in higher-impact journals.

The VOSviewer maps complement this overview by revealing the structure of
collaborations and thematic interconnections, providing an integrated perspective on
current dynamics and future development opportunities within the field. It is expected
that the knowledge and experience generated with other species such as M. rosenbergii at
the international level, and M. tenellum and M. americanum at the national level, will guide
the direction of future R&D&I efforts related to M. acanthurus over the coming decades.
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ABSTRACT

Objective: To estimate the profitability, competitiveness, and efficiency of guava production in Mexico in order
to determine whether agricultural public policies have strengthened or undermined its economic performance.
Design/methodology/approach: The Policy Analysis Matrix (PAM) was applied, complemented by the
Relative Economic Competitiveness Index. Private prices and production costs were compiled from Mexico’s
guava-producing states. For each production system, data were collected on cultivated area, yield, output,
production system type, input units, wages, and farm-gate and marketing prices.

Results: At private prices, 98.45% of guava production was profitable and 94.75% was competitive; under social
prices, these proportions declined by 4.35 and 2.85 percentage points, respectively. Additionally, 92.88% of
production exhibited comparative advantages, concentrated in 6.25% of the guava-producing states. In 93.75%
of state-level production systems, agricultural policy was pivotal for sustaining guava production; conversely,
in Michoacdn and Aguascalientes, policy was not a determining factor. Production displayed favorable relative
competitiveness for investors, but not from a social perspective.

Findings/conclusions: Guava production in Mexico showed high profitability and competitiveness under
both private and social prices. Comparative advantages were identified only in the production systems of
Aguascalientes and Michoacdn. Overall, agricultural public policies enhanced profitability, competitiveness,
and efficiency, particularly in states characterized by rainfed production systems.

Keywords: comparative advantage; competitiveness; profitability; market failure; subsidy

INTRODUCTION

Guava (Psidium guajava L.) is a prominent crop in Mexico, with strong global consumer
acceptance largely attributable to its contribution of health-promoting nutrients, according
to the Secretaria de Agricultura y Desarrollo Rural (SADER; formerly the Secretaria de
Agricultura, Ganaderfa, Desarrollo Rural, Pesca y Alimentacién [SAGARPA]) (SADER,
2019). From an international trade perspective, guava is one of the country’s relevant

fruit crops, with cultivated areas accounting for 4% of global production (Servicio de
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Informacién Agroalimentaria y Pesquera [SIAP], 2025). Accordingly, guava production in
Mexico exhibits substantial potential for profitability and competitiveness, particularly in
Michoacan, Aguascalientes, and Zacatecas, which lead national output (SIAP, 2024). To
consolidate this potential, public policies play a strategic role by integrating economic and
productive instruments; nonetheless, their design and implementation may generate both
favorable and adverse effects. On the one hand, subsidies, tax incentives, and accessible
credit can reduce production costs and enhance farmers’ relative profitability (SAGARPA,
2007). Conversely, SAGARPA (2007) cautions that government transfers can render
the sector’s profitability unsustainable. Similarly, Wenqi ef a/l. (2022) contend that such
instruments constrain sectoral competitiveness. Gonzalez and Orrantia (2006) argue that
investment should prioritize support services to increase agricultural productivity rather
than focusing on expanding subsidies. In addition, SADER (2023) notes that technological
modernization, improvements in irrigation systems, and training in sustainable practices
raise agricultural productivity. Despite the sector’s commercial dynamism and the
presence of fiscal incentives in Mexico’s agricultural sector, the cultivated area devoted
to guava has remained stagnant; from 2000 to 2024, the planted area stayed relatively
constant (SIAP, 2025). According to the Instituto Nacional de Investigaciones Forestales,
Agricolas y Pecuarias (INIFAP, 2018), Mexico has the potential to expand the planted area
for this crop, primarily in tropical and subtropical zones. No national-level studies have
been identified that analyze guava production in Mexico using the Policy Analysis Matrix
(PAM). The crop’s social profitability, its comparative advantages, and the effect of public
policies and market distortions on competitiveness and efficiency across producing states
remain insufficiently documented. Guava was selected due to its regional importance and
its sensitivity to public policy, which enables the assessment of economic effects that are
less apparent in fruit crops with greater export weight. Against this backdrop, the objective
of this research was to estimate the profitability, competitiveness, and efficiency of guava
production in Mexico within private and social production frameworks. Specifically,
the study assessed whether agricultural public policies in force as of 2024 increase these
economic indicators or, alternatively, diminish them. To examine public policies, it was
necessary to distinguish private profitability from social profitability in order to identify

market failures and the divergences associated with State intervention.

MATERIALS AND METHODS
Information used

Statistical tests (@=0.05) were conducted in SPSS v27 to analyze measures of central
tendency for the private and social economic indicators of profitability, competitiveness,
and efficiency across Mexico’s guava-producing states in 2024, with the aim of drawing
inferences regarding the observed differences among these indicators. The analysis did
not incorporate environmental externalities. Private and social economic indicators of
profitability, competitiveness, divergences, and efficiency were estimated using the Policy
Analysis Matrix (PAM) proposed by Monke and Pearson (1989), based on state-level
averages. This methodology is structured as a two-entry matrix in which rows correspond

to revenue, tradable input costs, and domestic factor costs; the resulting balance reflects
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profitability (Gonzdlez & Alferes, 2010). The Programa de las Naciones Unidas para el
Desarrollo (PNUD, 2018) notes that social competitiveness comprises the income, health,
and education dimensions. In this context, and for the purposes of the present study, the
social assessment of competitiveness was grounded in the Social Competitiveness Economic
Coefticient (SCEC), adopted as a technical approach to estimate the effects of public
policies and market distortions on productive competitiveness evaluated at social prices.
In addition, the Relative Economic Competitiveness Index (RECI) was proposed as a

methodological tool to assess the private benefit-cost ratio (BCR) and social competitiveness

(SCEC).

ricr =28
SCEC

The RECI makes it possible to determine the extent to which competitiveness observed
under private conditions differs from that assessed from a social perspective, thereby

facilitating a comparative analysis of economic efficiency.

Private profitability and competitiveness

Annual average private production prices and costs were obtained for Mexico’s guava-
producing states (SIAP, 2025). For each production system, information was drawn from
the Comisién Nacional de los Salarios Minimos (CONASAMI, 2023), the (INIFAP, 2025),
SIAP (2025), and the Instituto Nacional de Estadistica y Geografia (INEGI, 2024). The
dataset included planted, harvested, and loss-affected area (ha); total output (kg) and
production value (thousands of pesos); production system type (irrigated and rainfed);
Guava Production Units (GPUs) (the acronym will be used consistently throughout the
document to refer to guava production units); yield (kg/ha); agricultural day-labor wages;
and local, national, and export marketing prices.

Private profitability (D) was estimated as the difference between total revenues (A) and
the sum of tradable input costs (B) and domestic factor costs (C), incorporating subsidies
into both components (Monke & Pearson, 1989). Private competitiveness was assessed
using the private benefit-cost ratio (BCR), which expresses the capacity of the production
system under prevailing technology, prices, and policy interventions to cover domestic
factors with the value added at market prices (Monke & Pearson, 1989; SAGARPA, 2019).
Values of D>0 indicate profits, D=0 break-even, and D<0 losses. For the BCR, values
<1 indicate competitiveness, =1 economic equilibrium, and >1 a lack of competitiveness.
From a policy standpoint, D>0 and BCR <1 indicate financial viability; values near break-
even suggest vulnerability to changes in prices or costs; whereas D<0 and BCR>1 imply a
need for interventions aimed at improving productivity, technological efficiency, or access

to inputs.

Profitability and competitiveness at social prices
Social profitability (H) was estimated as the economic return obtained by valuing
goods and factors of production at their opportunity cost (Monke & Pearson, 1989). It was
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calculated as the difference between social revenues (E) and the sum of tradable input costs
(F) and domestic factor costs (G), both evaluated at social prices. Values of H>0 indicate
economic efficiency and social profitability; H=0 indicates recovery of the opportunity
cost of resources; and H<O0 indicates inefficient use of factors. Social prices were estimated
following SAGARPA (2019), under the assumption that they reflect values undistorted
by public policy or market failures (Monke & Pearson, 1989). Their calculation used the
2024 average exchange rate (18.33 MXN/USD) (Secretaria de Hacienda y Crédito Publico
[SHCP], 2025), together with information on tariffs, international prices of inputs and
intermediate goods, and prevailing taxes and subsidies obtained from the Servicio Nacional
de Informacién de Comercio Exterior (SNICE, 2025) and SHCP (2023), according to the

following formula:

Py =[(Pn—(PefsA+Va0)+ 5= 1(1=C)) +(Pm— Pesf s (1+ V1))

+5— ](C(W)ﬂ +[(PefsQ+V)785)]

Ps represents the social price of inputs and intermediate products, whereas Pm is the
market price of the input in the Guava Production Units (GPUs). Pesf'$ corresponds to
cost, insurance, and freight (CIF) in U.S. dollars; VM and VAT refer to value-added tax
rates; V denotes the import tarift; § and / correspond to subsidies and direct taxes; C'is the
percentage of transportation cost associated with fuel; PCm is the market price of fuel; and
T'$s is the shadow exchange rate, based on the 2024 average exchange rate. The Social
Competitiveness Economic Coefficient (SCEC) was calculated as the benefit-cost ratio
at social prices (SCEC =E/(F +G)), where £ denotes revenues and '+ G represents
factor and tradable input costs valued at opportunity cost (Monke & Pearson, 1989). Values
greater than 1 indicate competitiveness, values below 1 indicate a lack of competitiveness,

and a value of 1 implies that costs are only just covered.

Nominal and effective protection coefficients

Policy eftects and market failures on the production system were assessed using protection
coefficients. The Nominal Protection Coefficient (NPC) measures the divergence between
private and social prices caused by taxes, subsidies, or other distortions (Monke & Pearson,
1989). For tradable outputs, it was estimated as NPC_=A/E, where values > 1 indicate price
protection (an implicit subsidy) and values <1 indicate dis-protection or implicit taxation.
For tradable inputs, it was calculated as NPC,=B/F; values > 1 indicate that producers pay
for inputs above their social cost, whereas values <1 indicate subsidized inputs. Effective
protection was evaluated through the Effective Protection Coefficient (EPC), which
integrates the analytical framework of the Policy Analysis Matrix proposed by Monke and
Pearson (1989) with methodological guidelines from the Organizacién de las Naciones
Unidas para la Agricultura y la Alimentacién (FAO, 2000), providing a robust theoretical

basis for analyzing distortions in agroproductive systems. This indicator simultaneously
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incorporates divergences in outputs and inputs and their effect on value added, and was
estimated as EPC =(E—F)|(4— B). Values of EPC>1 indicate net protection for the
productive activity, whereas values <1 indicate dis-protection. Nevertheless, the NPC and

EPC do not fully capture the economic incentives faced by producers (Monke & Pearson,

1989).

Divergences and efficiency

Divergences (I) between evaluations at private and social prices reflect the effects of
government intervention and market failures on the profitability of production systems,
allowing identification of distortions that affect the efficient allocation of resources (Monke
& Pearson, 1989). This indicator was estimated as the difference between revenue at private
prices (A) and revenue at social prices (E). Values of I>0 indicate that the activity receives
protection or benefits derived from policies or distortions that raise private profitability
above social profitability; I=0 suggests the absence of relevant distortions and an efficient
allocation of resources; whereas I<0 indicates dis-protection or implicit burdens that
reduce private profitability despite economic efficiency. The magnitude and sign of 1
provide an objective criterion for assessing the need to adjust intervention instruments in
order to improve efficiency and resource allocation in the agricultural sector. Regarding
relative competitiveness, defined as the ratio between private competitiveness (BCR) and
social competitiveness (SCEC), the Relative Economic Competitiveness Index (RECI)
indicates that if RECI>1, the project is competitive for the investor but may generate losses
or negative impacts for society; if RECI<1, the activity or project is socially competitive
because social benefits exceed total social costs. Finally, RECI=0 indicates that no external
benefits or costs exist in the activity, or that they offset each other, implying the absence of
market failure and an efficient allocation of resources. Economic efficiency, or comparative
advantage, was assessed using the Factor Cost Coefficient (FCC) coefficient, which
expresses the share of social value added allocated to covering the costs of domestic factors
of production, such as labor and capital (Monke & Pearson, 1989). Both costs and revenues
were valued at social prices, and the coefficient was estimated as FCC =G |(E — F). Values
of FCC<1 indicate economic efficiency and the presence of comparative advantage, as
value added 1s sufficient to remunerate domestic factors and generate surpluses; FCC=1
reflects an economic break-even situation, generating neither residuals nor losses for the
producer; whereas FCC>1 indicates inefficiency, as the opportunity cost of resources is
not fully covered. The sign and magnitude of the FCC enable identification of activities
that use resources efficiently and those that may require improvements in productivity,

technology, or factor reallocation.

RESULTS AND DISCUSSION
Private profitability and competitiveness

In Mexico, differences in domestic factors of production revealed substantial
heterogeneity in guava production across states. At the national level, most guava output
was profitable at private prices (D>0), concentrated in a large share of the planted area and
production units. This outcome exceeded that reported by Gonzalez and Alferes (2010) for
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maize (86.9% private profitability), reinforcing the notion that guava has strong productive
potential, given that profitability is a critical driver of investment incentives (Porter, 2016).
The profitability observed for guava in this study surpassed that reported for maize;
however, these crops differ markedly in their productive characteristics. Whereas maize is
an annual staple grain crop, guava is a perennial fruit crop, with higher initial investment
requirements and a more specialized production system. The states with the highest
profitability were Michoacan, Aguascalientes, and Zacatecas, which accounted for the
largest share of national output and constitute the most profitable guava-producing regions.
In these three states, production was also concentrated in a relatively small proportion of
production units; nevertheless, they encompass an extensive cultivated area devoted to the
crop. Although 91% of guava production in Yucatan was rainfed, the state exhibited high
profitability; however, the area allocated to this crop is minimal (0.04%), representing a
clear opportunity to expand production, particularly given its average yield of 13.5 t/ha. As
proposed by INIFAP (2018), Mexico has the potential to increase the planted area for this
crop, especially in tropical and subtropical zones. The lowest profitability was recorded in
Guanajuato, Jalisco, the State of Mexico, Guerrero, and Nayarit, which together allocated
only 7.28% of the guava-cultivated area, equivalent to 1,366 Guava Production Units
(GPUgs) (5.34%). Low profitability may be attributable to poor yields, limited cultivated
area, or high production costs. These factors may have constrained profitability and help
explain why their contribution represented only 5.42% of total national output. Across
states, both total revenue and total investment in guava production varied. Although the
highest total costs (B+C) were observed, the states exhibiting greater competitiveness
(BCR>1) were those with the highest revenues (A). These differences may be influenced
by the production system type, as the states showing competitiveness relied primarily on
irrigated systems (Table 1). This result is consistent with De Luis-Peralta et al. (2025),
who found that irrigated crops exhibited higher profitability than rainfed crops. This
convergence supports the robustness of the findings and confirms that access to irrigation
1s a pivotal factor in enhancing agricultural profitability.

Table 1.
. Area with Production with
. Total Production .. -
Federal entity Total area (ha) . competitiveness | competitiveness
production (t) system
(ha) (t)
Aguascalientes 4,415.00 66,559.50 TR (99%) - P 4,386.63 66,131.84
Baja California* 1.55 2.74 TR -P 1.05 1.85
Baja California Sur 18.50 91.07 TR-P n.c n.c
Campeche 76.36 92.80 TR -P n.c n.c
Coahuila n.i n.i n.i n.i n.i
Colima 49.60 376.78 TR -P n.c n.c
Chiapas 62.00 329.84 TR-P n.c n.c
Chihuahua 22.72 94.90 TR -P n.c n.c
Mexico City (CDMX) 1.91 1.19 TR-P n.c n.c
Durango 255.57 330.22 TR -P n.c n.c
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Table 1. Continues...

. Area with Production with
Federal entity Total area (ha) Tota}l Production competitiveness | competitiveness
production (t) system (ha) ©
Guanajuato* 119.00 961.85 TR-P n.c. n.c.
Guerrero* 221.58 2,406.07 TR-P 106.55 1,156.95
Hidalgo 64.00 433.80 TR-P n.c. n.c.
Jalisco 333.47 3,607.38 TR-P 136.39 1,475.39
State of Mexico* 845.50 9,217.38 TR-P 593.67 6,471.97
Michoacédn 12,729.00 192,612.82 TR (98%) - P 12,490.28 189,000.53
Morelos 15.00 118.60 TR-P n.c. n.c.
Nayarit 36.00 311.85 TR-P 12.23 105.98
Nuevo Leén 1.05 0.11 TR-P n.c. n.c.
Oaxaca 236.61 1,415.39 TR-P n.c. n.c.
Puebla 47.30 444.00 TR-P n.c. n.c.
Querétaro 73.00 267.28 TR-P n.c. n.c.
Quintana Roo 20.72 55.96 TR-P n.c. n.c.
San Luis Potosi 110.30 193.34 TR-P n.c. n.c.
Sinaloa 3.00 15.99 TR-P n.c. n.c.
Sonora n.i. n.i. n.i. n.i. n.i.
Tabasco* 18.00 218.88 TR -P 0.61 7.46
Tamaulipas 55.46 460.84 TR-P n.c. n.c.
Tlaxcala 4.15 0.12 TR-P n.c. n.c.
Veracruz* 13.50 96.26 TR-P 0.54 3.86
Yucatdn* 10.00 135.00 TO1% R-P 9.10 122.85
Zacatecas 1,505.00 23,824.02 TR (100%) - P 1,499.73 23,740.61

Source: Authors’ elaboration.
*No social competitiveness. T'=rainfed; R=irrigated; n.i.=no information; P=perennial; n.c.=no private competitiveness.

Mexico exhibited high private competitiveness in guava production, achieved across
19,292.48 ha, corresponding to 8,746 Guava Production Units (GPUs). However, this level
of competitiveness was lower than the profitability indicator. In this regard, Gonzdlez and
Alferes (2010) note that being profitable does not necessarily imply being competitive, which
explains this discrepancy. In other words, competitiveness requires additional conditions
such as efficiency, sustainability, and market persistence (Muller, 1993).

Profitability and competitiveness at efficiency prices

Public policy effects and market distortions altered realized profitability; therefore,
assessing performance at efficiency prices made it possible to identify the system’s underlying
(true) profitability and competitiveness. National production was largely socially profitable
(H); however, a substantial share of production units did not achieve social profitability due
to low economic-efficiency metrics, resulting in structural differences across production
systems. The loss of social profitability is mainly attributable to the small scale of many

production units, which limits their capacity to expand output and, consequently, leads
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to higher production costs. By contrast, large-scale production systems sustain high
profitability due to superior infrastructure and integration into more dynamic markets,
including international markets.

These results indicate that the lack of profitability primarily affects small guava
producers, who face greater constraints in generating sufficient income and maintaining the
economic viability of their production units. Consequently, incentivizing small agricultural
producers is pivotal for sectoral development, as they supply food to more than 40% of
Mexico’s population (SADER, 2024). When competitiveness was evaluated at economic
prices, national production showed a very high level of social competitiveness (280,454.73
t), harvested on 86.71% of the hectares devoted to this crop and generated by 27.35% of
national GPUs. The gap between profitability and competitiveness estimated at economic
prices underscores that a producer or system may be profitable in the short term, yet not
necessarily competitive. The federal entities with the highest social competitiveness were
Michoacdn, Aguascalientes, and Zacatecas, followed though to a lesser extentb y Jalisco
and Nayarit. This difference may be explained by the greater participation of medium-
and large-scale producers in the first three entities, which facilitates economies of scale,

reduces unit costs, and expands access to financing.

Nominal and effective protection coefficients

The average (NPC) for outputs was 1.03 (Table 2), indicating that, as a result of
agricultural policy, producers received prices 3% above the social value. This outcome
reflects an implicit subsidy embedded in guava prices, providing producers with additional
protection relative to the social benchmark. The NPC for tradable inputs indicates
that market prices were below social prices, evidencing the presence of subsidies or an

overvalued exchange rate that reduced their cost.

Table 2. Summary coefficients.

C Nominal Protection Effective Protection Factor Cost
ToP Coefficient (NPC) Coefficient (EPC) Coefficient (FCC)
Output Input
Guava P P 0.73
1.03 09¢ | 105

In 93.75% of state-level production systems, the (EPC) exceeded the Nominal
Protection Coefficient (NPC), indicating that, in most states, agricultural policy is
essential to sustaining guava production (45,504 t). This finding is consistent with Chica
et al. (2016), who underscore the role of subsidies in enabling producers to remain in
the market. Nevertheless, the results of the present study suggest that excessive reliance
on such support may constrain long-term competitiveness, because factors such as
productive efficiency and resource management are likewise decisive for sustaining
profitability. By contrast, in Michoacdn and Aguascalientes, agricultural policy was
not determinative, as the NPC and EPC exhibited similar values. This pattern may be
explained by the more consolidated infrastructure for collection, transport, and export

channels in both states, together with a stronger orientation toward international markets



AGRO PRODUCTIVIDAD 2025. https://doi.org/10.32854/bbjs5y04 275

(Servicio Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria [SENASICA],
2025), which is consistent with their high productivity (85% of national production).
In this regard, Jaffee (1993) showed that such consolidation was the outcome of public
policies targeting the agricultural sector, including government negotiations to access
new markets and support to promote the product internationally. The results further
indicate that maintaining a scheme of generalized subsidies may foster dependency on

these transfers, directly affecting social prices.

Divergences and efficiency

The comparison between private and social profitability in guava production showed
that profitability calculated at market prices exceeded that estimated at social prices.
This result can be attributed to State transfers and market distortions, which increased
private gains by 2.87% above the underlying economic profitability, indicating that
public policy or market imperfections generated excess private benefits for producers.
This, in turn, suggests the presence of subsidies or support mechanisms that incentivized
the productive activity. Guava production exhibited a relative competitiveness of 1.03;
however, this value was 0.17 below the private-social profitability comparison, suggesting
that while the activity is attractive for investors, it may entail social losses or adverse societal
effects. This discrepancy arises because competitive capacity is not homogeneous across
states. Guanajuato, Guerrero, the State of Mexico, Tabasco, Veracruz, and Yucatdn
lack competitiveness under economic-efficiency conditions (Table 1), which may reflect
structural constraints (high costs, low yields, small-scale production, among others).

However, only a limited number of states (Aguascalientes, Michoacan, and Zacatecas)
displayed comparative advantages, as reflected in a domestic factor cost coefficient below
one. This outcome is explained by the fact that most production (92.88%) is concentrated
in states with consolidated productive conditions, irrigated systems, favorable soils, and
higher levels of technification (SIAP, 2019), translating into better yields and greater
productive efficiency. In this context, Von Hesse (1994) argued that public policies can
stimulate competitiveness, particularly those designed to promote export dynamism.
Structural differences between production schemes are also evident. Although public
policy contributes to sustaining productive activity and the incomes of a large number of
small producers, results at social prices indicate that not all producers achieved favorable
performance, suggesting that these policies do not correct structural limitations in every
state. These findings imply that some small-scale producers maintained benefits due to
public policies or market conditions rather than genuine competitiveness. In this regard,
Von Hesse (1994) proposes incorporating smallholders into international markets as a
strategy to strengthen real competitiveness over the long term. Thus, even when small
producers obtain profits, society as a whole may face inefficient resource use, distortions
in capital allocation, and, in some cases, additional environmental or fiscal costs. Porter
(2007) notes that governments often prioritize policies with immediate benefits such as
subsidies and protections which can constrain innovation and sectoral competitiveness.
Opverall, the results indicate that guava production in Mexico is profitable and competitive

at private prices; however, at social prices, these indicators decline, revealing distortions
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associated with agricultural policy. Protection coefficients show that private profitability

exceeds social profitability, reflecting dependence on prevailing protection mechanisms.

CONCLUSIONS

Guava production in Mexico exhibited high levels of private and social profitability and
competitiveness. However, relative competitiveness was slightly lower than the private-
social profitability comparison. National production showed comparative advantages
concentrated in two states, revealing substantial regional differences in efficiency and
competitive potential. In lower-performing regions, it is necessary to emphasize the
implementation of regional strategies that strengthen efficiency and competitiveness.
Agricultural public policies increased the profitability and competitiveness of guava
production in Mexico. Nonetheless, it is essential to adopt strategies that consolidate
sustained competitiveness in the medium and long term, rather than focusing exclusively
on immediate outcomes. The Effective Protection Coefficient was the most sensitive
indicator of public policy intervention, as it comprehensively captured distortions in
input and output markets. The principal contribution of the Policy Analysis Matrix in
this study lies in identifying areas of opportunity where the State can intervene through
agricultural policy instruments, such as regional targeting and the design of differentiated
strategies aligned with the needs of each state. In addition, applying this methodology to
other crops is recommended, including fruit crops, horticultural crops, livestock systems,

and staple grains.
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