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Dear readers,

When talking about sustainability, we are referring
to a series of aspects that have become key elements in
development planning across all levels globally for ap-
proximately four decades. Sustainability, or sustainable
development, is a current paradigm that must be consi-
dered by all sectors, as it entails establishing a balance
between the economic, social, and environmental aspects
when addressing the development of societies.

Since its origin, there have been distinctions made
regarding the use of either terminology. However, both
terms are certainly valid, as stated in existing literature.
They both constitute a concept coined in 1987 by Dr. G.H.
Brundtland, head of the United Nations (UN), in the re-
port titled “Our Common Future,” and who introduced
the term “sustainable development” (also referred to as
“sustainability” in other texts). This expression encom-
passes the economy, the environment, and society as an
interdependent trilogy, with the environment being the
pivotal factor in decision-making (Gobierno de México,
2018).

Over the decades, sustainability has evolved in its
theoretical understanding and has been the subject of
analyses based on perspectives that weigh the existence
of facts and circumstances. These circumstances, when
not addressed or prevented, were not perceived as real
until the consequences of such neglect became evident.
These consequences manifest in various domains but are
particularly perilous when overlooked by governments.

“...Omitting the issue of sustainable development
in governmental systems’ programs and strategic plans
implies excessive expenditure, use, and abuse of envi-
ronmental resources essential for the survival of living
beings. Consequently, as the demand for products and
services increases to meet the vital and common needs of
society, coupled with the escalating lifestyle in large me-
tropolises and various social strata, we observe how the
longevity of human beings is being altered and affected
(Alvarado-Pefia and Echeverri De la Hoz, 2020, p. 14).”

In theory, and with the correct use of both concepts
and terminologies, in Latin American companies or or-
ganizations, it is increasingly being acknowledged and
understood, more so than in the past, that sustainable
practices bring a set of benefits, both for the company
itself (increasing and enhancing its value, performance,
finances) and the significant economic and social im-

EDITORIAL

ol
ABYA UNIVERSIDAD
YALA AL ESANA

pact for all parties involved. Therefore, the ultimate goal
should always be to establish and strengthen objectives
aimed at environmental conservation.

However, in practice, sustainable development is an
aspect that has had little significance, even in the current
era, mainly in those organizations whose resources, acti-
vities, production, and services are based on the exploi-
tation of the environment. Organizations that inevitably
move in a direction contrary to sustainable development
“pose a clear threat to nature... but also to the humans
who coexist with it” (Alvarado-Pefia and Echeverri De la
Hoz, 2020, p. 14).

Given the aforementioned, the ain of this work ad-
dresses the demands of the environment in terms of
knowledge generation and scientific production, as well
as the dissemination of research works in the social area
that ultimately provide the necessary results for resolving
various existing issues.

Research work on the topic of sustainable develop-
ment, especially in the contexts of developing countries
in the region, is a priority and a compelling reason to pre-
sent some documents, products of researchers’ concern
and interest in disseminating information that precisely
contributes to the solution of situations inherent in the
promotion and strengthening of sustainability in organi-
zations from various fields of knowledge. Therefore, we
hereby present the different scientific articles, their titles,
authors, and a brief description of their content:

ETHNOEDUCATION AS AN INSTRUMENT FOR
THE PROMOTION OF SUSTAINABLE DEVE-
LOPMENT. AN ANALYSIS FROM SCIENTOME-
TRICS

Presented by Hugo Semanate Quifionez and Ciro Serna
Mendoza, researchers from the University of Manizales
and the National Training Service SENA, Colombia, this
study comprises a comprehensive literature review of the
most cited publications from 2017 to 2021, focusing on an
analysis of ethno-education, contributions, and promo-
tion of “sustainable development” through the pedago-
gical practices of Indigenous Peoples. The study yielded
a total of 1,124 scientific documents annually, covering to-
pics related to pedagogy, teaching, culture, and ancestral
knowledge by prominent authors. The authors conclu-
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de that educational processes in ethnic communities arise
from ancestral practices, thereby fostering sustainability.
This approach allows for educating the “being” without
conforming to developmentalist doctrines and educatio-
nal models.

WILLINGNESS TO PAY FOR URBAN SOLID
WASTE INTEGRAL SYSTEM IN SEMI-URBAN
POPULATIONS

Researchers Francisco Ivan Hernandez Cuevas, Diana Es-
tefania Castillo Loeza, Javier Becerril Garcia, and Maria
Pia Mc Manus Gémez from the Universidad Auténoma
de Yucatdn and the Universidad Marista de Mérida in
Mexico present a study, as described by the authors them-
selves, aimed at determining the socioeconomic factors
associated with willingness to pay for the MIRSU (Inte-
grated Management of Urban Solid Waste) among users
in semi-urban municipalities of Yucatdn (Mérida, Mexi-
co). The study involved 1,144 surveys conducted in 6
semi-urban localities of Yucatdn. The results revealed that
respondents were willing to pay an average of 17.65 pe-
sos for the integrated management of solid waste. It was
observed that willingness to pay decreases when the Ma-
ya language predominates and when households have
fewer physical assets and rooms. Among other findings,
the study concludes that there are cultural and social ele-
ments ingrained in this behavior.

CHARACTERIZATION OF THE ENVIRONMEN-
TAL ATTITUDES AND PRACTICES OF THE UR-
BAN POPULATION OF PUNO, ANDEAN PLA-
TEAU

Presented by Jests Evaristo Tumi Quispe from the Na-
tional University of the Altiplano Puno in Peru, this
study aimed to characterize the pro-environmental atti-
tudes and behaviors of the population of the city of Puno
concerning sanitation, pollution, and environmental ma-
nagement. This non-experimental study was conducted
among a population of 97,264 urban residents aged 18
and older. The results revealed that the environmental at-
titudes of most of the residents are positive regarding po-
llution factors, sources, and their effects on human health.
The study concludes that new public policies in environ-
mental education are required to effectively engage civil
society, based on a system of incentives.

A HYDROPOWER DEVELOPMENT PERSPECTI-
VE IN ECUADOR: PAST, PRESENT, AND FUTU-
RE

Researcher Sebastidn Naranjo Silva from the Polytechnic
University of Catalonia in Spain presents this research

which aims to critically analyze the development of hy-
droelectric energy in Ecuador in recent years and es-
tablishes general energy projections for 2030 to expand
knowledge fields and perspectives. Using a quantitative
methodology, information was gathered from scientific
publications, articles, research documents, and databases
of governmental agencies regarding hydroelectric deve-
lopment in Ecuador and its regulations. As a result, th-
rough projection calculations, it is inferred that Ecuador
will need around 43 TWh, 47 TWh, or 52 TWh by the year
2030 to supply the energy grid, depending on the propo-
sed scenarios (low, medium, high). The study concludes
that hydroelectric energy will indeed be fundamental to
meet this requirement. However, there is a barrier for the
country as hydroelectric energy is highly sensitive to ex-
ternal factors (climate effects), leading to an uncertain fu-
ture.

ENVIRONMENTAL REGULATIONS IN ECO-
INNOVATION AND SUSTAINABLE PERFOR-
MANCE IN MEXICAN AUTOMOTIVE INDUSTRY

Conducted by Gonzalo Maldonado Guzmaén, Victor Mo-
lina Morejon, and Raymundo Juarez del Toro from the
Autonomous University of Aguascalientes and the Auto-
nomous University of Coahuila in Mexico, this study ad-
dresses a gap in the literature concerning the relationship
between environmental regulations, eco-innovation, and
sustainable performance in manufacturing companies.
They aim to fill this gap and generate new knowledge th-
rough an extensive literature review. After analyzing data
from a sample of 460 manufacturing companies in Me-
xico, the study concludes that environmental regulations
have positive effects on eco-innovation, which in turn
positively impacts the sustainable performance of auto-
motive manufacturing companies. The study suggests
that compliance with regulations leads to improvements
in eco-innovation activities.

As a comment regarding the aforementioned studies,
research on organizational sustainability is inherently
complex and requires considerable effort, initiative, part-
nerships, and various inter-institutional relationships. It
is crucial to recognize the valuable work done by resear-
chers in this field, as they provide valuable information
for general readers” understanding while disseminating
new knowledge and laying the groundwork for future
studies, which is already a significant achievement.

Furthermore, as La Granja is a miscellaneous journal
covering Life Sciences, it also presents articles on various
topics, including Earth Sciences, Veterinary Sciences, and
Agricultural Sciences, which will be presented below.
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CARIHUAIRAZO GLACIER RETREAT AND ITS
PERCEPTION IN THE CUNUCYACU COMMU-
NITY

In this research carried out by David Hidalgo, Jean-Carlos
Ruiz, Luis Maisincho, Bolivar Céceres, Verénica Crespo,
Christian Dominguez, David Piedra, and Marcos Villa-
cis, researchers from the IRD (Institut de Recherche pour
le Développement), Sorbonne University, University of
Grenoble, France; the Salesian Polytechnic University, the
National Polytechnic School, the Andean University Si-
mon Bolivar, and the National Institute of Meteorology
and Hydrology of Ecuador, the retreat of glaciers in the
Andes mountain range is analyzed, focusing on the sig-
nificant loss of the remaining ice mass in Carihuairazo,
which by 2021 has lost 99% of its total glacier surface.
This comprehensive article not only analyzes meteorolo-
gical and climatological data but also contrasts satellite
images with interviews of community members from the
surrounding area of Cunucyacu and mountaineers who
work and frequent the area. Thus, it demonstrates how
the Carihuairazo glacier is in a situation of inevitable di-
sappearance and reveals the vulnerabilities of the com-
munities facing this phenomenon.

LANDSLIDES SUSCEPTIBILITY ANALYSIS EM-
PLOYING ANALYTICAL HIERARCHY PROCESS
ON AN AMAZONIAN ROADWAY IN ECUADOR

In the realm of Earth sciences, this article, presented by
Cristian Cargua, Ronny Espin, Bryan Valencia, Marco
Simbafia, Sebastian Araujo, Anderson Ocampos, and Ca-
rolina Cornejo, researchers from the National University
of San Marcos in Peru, the Ikiam Amazon Regional Uni-
versity in Ecuador, and the Yachay University of Expe-
rimental Technology Research in Ecuador, addresses one
of the most common issues in the Andean and Ama-
zonian regions: landslides. Due to increasingly frequent
heavy rains, exacerbated by the effects of climate chan-
ge, indiscriminate logging, and the inherent geodynamic
characteristics of the area, landslides and lahars are in-
curring a growing toll on infrastructure, roads, and even
human lives.

This research focuses on the case of the Puyo-Tena
Road, for which a cartographic model of landslide sus-
ceptibility was developed using variables such as slo-
pe, geological formations, land cover and use, as well
as distances to faults, roads, and rivers. Handling mul-
tiple variables can pose a complex decision-making
challenge. Therefore, an analytical hierarchy process, a
semi-quantitative method that categorizes variables in-
to five susceptibility categories easily understandable to
decision-makers and the community at large, is emplo-
yed. This approach enables relevant decisions to be made
to mitigate potential events that could endanger the com-
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munity.

MOLECULAR DETERMINATION OF THE ETIO-
LOGICAL AGENT OF BOVINE MASTITIS FROM
ANDEAN PRODUCTION UNITS

In the field of veterinary sciences, Nancy Bonifaz, Xime-
na Galarza, Byron Fuertes, and Janss Beltran, researchers
from the Salesian Polytechnic University and the Natio-
nal Institute of Public Health Research in Ecuador, pre-
sent one of the most comprehensive studies on bovine
mastitis in the Andean regions of Ecuador. This study was
conducted at the molecular level using the polymerase
chain reaction (PCR) technique, which allows for the re-
cognition of microbial family, genus, and species, as well
as the detection of antibiotic resistance genes. This is cru-
cial for diagnosing and treating diseases effectively. As
a result, nine etiological agents causing the disease we-
re identified, along with cases of resistance to several of
the identified species.

RESPONSE OF FLOUR CORN (ZEA MAYS L. VAR.
AMYLACEA) TO THE INOCULATION OF AZOS-
PIRILLUM AND PSEUDOMONAS

In the field of agricultural sciences, José Sangoluiza, José
Zambrano, Misterbino Borgues, and Kang J. Cho, resear-
chers from the Korea Program on International Agricul-
ture (KOPIA), the National Institute of Agricultural Re-
search (INIAP) of Ecuador, and the University of Granma
in Cuba, present an agroecological alternative for fertili-
zing INIAP-101 flint corn. This alternative involves the
use of beneficial bacteria residing in the plant rhizosphe-
re due to their ability to produce phytohormones. The-
se phytohormones promote greater nutrient absorption in
the plant, leading to rapid vegetative growth and increa-
sed production without the need for chemical fertilizers.
Thus, they propose a sustainable alternative for cultiva-
ting this corn variety in the region.

EFFECT OF PLANT DENSITY ON YIELD COM-
PONENTS OF COMMON BEAN GROWN UNDER
INTER-ANDEAN MOUNTAIN CONDITIONS OF
ECUADOR

Researchers from the National University of Loja and
the Technical State University of Quevedo in Ecuador,
including Santiago Vésquez, Edwin Villavicencio, Alex
Guaman, Marlene Molina, and Camilo Mestanza, present
a study on the factors determining bean yield by modif-
ying grain sowing density. They found that density is a
crucial factor in determining yield, including the number
and weight of the grains studied.

We know that this selection of articles will be useful
not only in the research conducted by our readers but also
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as an overview of the scientific advancements in the field
of Life Sciences occurring in the region. Scientific journals,
such as La Granja, play a vital role in dissemination and
disclosure, and being indexed in important databases po-
ses certain challenges but also positions them as models
of institutional integrity. These journals encompass sus-
tainability and social responsibility, which are intriguing
themes for the creation of research lines that explore stu-
dies evaluating and comparing high-quality dissemina-
tion platforms like La Granja journal.

We conclude by sharing an excerpt from an article

Sincerely,

PhD. Ignacio de los Rios!

PhD. Sheila Serrano Vincenti?

that expresses and summarizes the relationship between
the journal and the capacities it develops based on res-
ponsible practices, visible to all. It discusses the evolution
of the concept of Corporate Social Responsibility (CSR)
from philanthropy to sustainability, becoming a more ela-
borate concept that associates CSR with “responsible ma-
nagement of externalities, incorporating stakeholder ex-
pectations into management, creating shared value, and
taking a leading role in building sustainable develop-
ment...” (Daniel Licandro et al., 2019).

PhD. Lisandro José Alvarado-Pefa’

Polytechnic University Salesian Polytechnic University of Zulia,
of Madrid University Venezuela
EDITOR IN CHIEF EDITOR IN CHIEF SENIOR GUEST EDITOR
References ponsabilidad social empresaria: Hacia la conformacién
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Abstract

Ethno-education allows advancing towards interculturality, recognizing the diversity of cultures in Colombia; howe-
ver, there is no evidence of a clear formative route as a social project that vindicates the knowledge of the communities
and allows strengthening the processes of cultural identity necessary for the survival of the Indigenous Peoples. The
objective of this work is to answer whether ethno-education contributes to the promotion of sustainable development
from the pedagogical act of the Indigenous Peoples. For this, a literature review was carried out from the most cited
publications from the years 2017 to 2021 in the Scopus, Web of Science and Dimensions databases, selected by the English
language, Spanish and the keywords indexed in the UNESCO Thesauri dictionary. In the analysis of scientific produc-
tion, the scientometric tools RStudio-Cloud, Bibliometrix and the Tree of Science (ToS) method were used. The VOSviewer
and Gephi software were also used to identify the research subareas and generate the knowledge network. The work
allowed marking the evolution of the annual scientific production with 1,127 scientific documents, the thematic map
with emerging topics related to pedagogy, teaching, culture, ancestral knowledge, and the knowledge network forged
by the most important authors for this work. As a main conclusion, it was identified that the educational processes
should arise from the heart of the ethnic communities, which seek to transmit ancestral practices, promote sustaina-
bility, educate the being without adapting it to developmentalist doctrines and educational models.

Keywords: Bibliometry, Indigenous knowledge, Educational sciences, Sustainable development, Cultural diversity.
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SUSTAINABLE DEVELOPMENT Semanate Quiiionez, H., and Serna Mendoza, C.

La etnoeducacién permite avanzar hacia la interculturalidad, reconociendo las diversidades de culturas con que cuen-
ta el estado colombiano; sin embargo, no se evidencia una ruta formativa clara como proyecto social que reivindique
el saber de las comunidades y que permita fortalecer los procesos de identidad cultural necesarios para la pervivencia
de los Pueblos Originarios. El objetivo del trabajo es responder si la etnoeducacién aporta a la promocién del desa-
rrollo sustentable desde el acto pedagégico de los Pueblos Originarios. Para lograrlo se hizo una revisién literaria
de las publicaciones mds citadas de los afios 2017 a 2021 en las bases de datos Scopus, Web Of Science y Dimensions,
seleccionadas por el idioma inglés, espafol y las palabras clave indexadas en el diccionario Tesauros de la UNESCO.
En el andlisis de la produccion cientifica se utilizaron las herramientas Cienciométricas RStudio-Cloud, Bibliometrix y el
método de Tree of Science (T0S). Asimismo, se manipuld los softwares VOSviewer y Gephi para identificar las subdreas
de investigacién y generar la red de conocimiento. El trabajo permitié marcar la evolucién de la produccién cientifica
anual con 1.124 documento cientificos, el mapa temdtico con tépicos emergentes relacionados a pedagogia, docencia,
cultura, conocimientos ancestrales y la red de conocimiento forjada por los autores mas importantes para este trabajo.
Como conclusién principal se identificé que los procesos educativos deben surgir desde las comunidades étnicas, los
cuales buscan transmitir las practicas ancestrales, impulsar la sustentabilidad, educar al ser sin adaptarlo a doctrinas
y modelos educativos desarrollistas.

Palabras clave: Bibliometria, Conocimientos indigenas, Ciencias de la educacién, Desarrollo sostenible, Diversidad
cultural.
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Ethnoeducation as an instrument for the promotion of sustainable development. An analysis from

scientometrics

1 Introduction

Ethno-education emerged in the mid-1970s as a
form of resistance of ancestral culture against edu-
cation models focused on the development of the
country, achieving gradual recognition by their
communities, and generating interest to understand
their culture from an ontological and epistemologi-
cal perspective.

In must be taken into account the struggles of
the classes that believe themselves to be minority in
the country such as the Afro-American and native
peoples, which still retain their traditional practi-
ces despite their constant struggle since the entry
of the Spaniards in Latin America. Ethno-education
in Colombia relates to the processes that determine
the privileges of the Church in the ancestral terri-
tories, as well as the historical resistance of ethnic
groups subjected to an official Catholic education
that dissociates their cultures and ways of life (Mo-
lina, 2012), “whose educational process consisted of
the Castilianization and deindianization of indige-
nous peoples” (Vitonas, 2010, p. 2).

Ethno-education originated in the First Peo-
ples, at the root of Mother Earth, where the ethno-
educators not only teach, but are wise, medical doc-
tors, guards and leaders who articulate the different
processes in the communities in favor of the sustai-
nability of the territories; it is the starting point that
allows the radical reconstruction of the being, po-
wer and indigenous knowledge through their daily
practices (Barragédn-Varela, 2020). As a develop-
ment of democracy, according to Mendoza-Castro
(2010, p. 4) “ethno-education is an instrument that
allows populations to inquire about the pedago-
gical, administrative and methodological strategies
that best adapt to their way of living and their cultu-
re”, which has been crucial for communities to have
the opportunity to carry out ethno-educational pro-
grams, processes that recognize their culture and
fulfill the objectives of safeguarding ancestral tradi-
tions.

Although since the creation of the Constitution
of Colombia in 1991 there are improvements in eth-
noeducational policies, such as Law 115 (Congreso
de Colombia, 1994) that allows the right of official
education, which focuses on teaching-learning, it
continues to violate ethnic communities, forcing
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them to take the curriculum that does not include
their imaginaries and cultural legacies.

The Indigenous Peoples also rely mainly on le-
gal tools such as those provided by Decree 2500 of
2010 (Colombia, Presidencia de la Reptiblica, 2010)
that allows the development of the Indigenous Own
Educational System (SEIP), a decree that has focu-
sed on the provision of educational institutions for
primary and secondary basic education. Also the
Decree 1953 (Colombia, Presidencia de la Reptbli-
ca, 2014) which articulates the proper administra-
tion of the Ancestral Territories and which aims to
focus on early education, early childhood or awake-
ning of the seeds of life; the Decree 1811 (Congreso
de Colombia, 2017) with which the financing of the
processes of out-of-school education or needs of the
community, such as training young people, arts, the
indigenous guard, processes that from school can-
not be answered. This regulation allows consolida-
ting local, zonal and regional structures to achieve
self-emancipation in the own educational system
from financial autonomy, in the development and
pedagogical experiences and in guiding and direc-
ting own education.

There are great advances, but it is not yet possi-
ble to consolidate that their own education can be
applied in a collective education. It is necessary to
know the ethnic and cultural complexity of Colom-
bia and Latin America that requires overcoming
unifying and homogenizing educational approa-
ches (Rojas-Curieux, 2019). One possible path is
to generate educational processes focused on the-
se ethnic minorities which lays the foundation for
creating a collective consciousness that allows in-
clusion and knowledge of all the different cultures
that exist in a nation (Osorio-Mejia and Lozano-
Céspedes, 2019). This will allow the affirmation of
the constitutional rights of this population; hence it
fits pedagogically and legislatively to the multieth-
nic and multicultural context of the country, in the
so-called Intercultural Bilingual Education, which,
in Colombia, is the so-called education for cultural
diversity or ethno-education, which is defined as
the space for a different type of education.

These laws strengthen the language and ways
of life of indigenous peoples, allowing their dignity,
freedom and equality in rights (Sdnchez-Moreno
and Escalera-Silva, 2021). However, these policies
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are based on universal anthropological principles
that propose education as the path to achieve social
progress and ethnic inclusion in a country (Ruiz-
Cabezas and Medina-Rivilla, 2014). In this sen-
se, ethnic communities, originally from the terri-
tory, relate the concept of Sustainable Development
(Brundtland, 1987) from traditions and worldviews
(Cuervo-Gonzalez, 2017); i.e., from the irradiation
of ancestral knowledge, ancestral and vernacular
practices, culture and preservation experiences of
biodiversity of their territories for future genera-
tions and whole humanity (Chen and Gilmore,
2015; Garcia-Parra et al., 2022).

For integrating it, it is necessary that teachers
and ethno-educators have knowledge, competen-
ces, values and attitudes to perform this task, are
focused on the improvement of society, the eco-
nomy and the environment from interactive ethno-
pedagogies that achieve sustainable projects for li-
fe. Tob6n et al. (2018) analyze pedagogical practi-
ces from conceptual cartography. This perspective
allows generating actions towards sustainable so-
cial development from the knowledge society, since
the formation of communities allows finding solu-
tions to the problems of the context and the terri-
tory, thus providing real and better living condi-
tions of people. Acevedo-Osorio et al. (2020) relate
the preservation of agro-systems and biodiversity
as a strategy of family agriculture. This allows to
adapt and respond to the problems and impositions
that support their production structures, becoming
the definitive component of ethnoeducational pro-
cesses versus the defined as sustainability, impro-
ving the well-being conditions of the communities
in their territory (Castro-Castro et al., 2021).

Another case is presented by Peralta et al. (2019),
who propose an ethno-education model for the Mo-
kand community of Malambo, Colombia. This model
has as its root to preserve ancestral languages, tradi-
tions and practices for the new generations. There-
fore, it is necessary to promote a more complete and
excellent education, where all students can contri-
bute to sustainability from the socio-training (Mer-
lo, 2020). They must also learn by self-motivation,
looking for solutions to conflicts and leaving aside
traditional education based on subjects, which af-
fects creativity and entrepreneurship (Toboén et al,,
2018).
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For this reason, students must also appropriate
a whole context offered by teachers in which they
are provided with the tools to have a proper crite-
rion of equity, tolerance, social justice, preservation,
restoration, and conservation of natural resources
to transcend in time with better conditions of so-
cial development and welfare of communities. In
conclusion, the educational proposal of the Colom-
bian State has considered the incorporation of own
knowledge, nor the contributions of other members
to the teachers in charge of teaching it.

According to the above, the aim of this paper is
to conduct a bibliometric exploration of the advan-
ces of scientific studies in ethnoeducation, ethno-
pedagogy and its contribution to the promotion of
sustainable development supported by Scientome-
tric tools, answering if ethnoeducation contributes
to the promotion of sustainable development from
the act of pedagogy in First Peoples.

2 Research Methodology

The work is carried out from the qualitative para-
digm (Strauss and Corbin, 2016) and quantitative
(Diez-Gémez et al., 2019); it is descriptive, explo-
ratory, non-experimental, simple and interpretative
cross-section, since an interpretation of the scientific
documents analyzed is made to generate categories
of study from the mixed systematic review method
(Oraee et al., 2017). Therefore, a description of the
eligibility criteria, research and search sources, as
well as the process of study selection, data extrac-
tion and synthesis of results found in the indexes
of Scopus, Web of Science and Dimensions databases
were collected, which allowed selecting the most
relevant scientific documents against the related
subtopics of ethno-education, ethno-pedagogy and
sustainable development.

In the process, bibliometric techniques were
used, supported in Bibliometrix (Aria and Cuccuru-
llo, 2017), Tree of Science [ToS] (Zuluaga et al., 2022;
Robledo et al., 2022), analysis of knowledge net-
works through Gephi (Zuluaga-Rojas et al., 2016;
Blondel et al., 2008), text mining from VOSviewer
(Van Eck and Waltman, 2020) WordCloud (Fellows,
2018) and review log (Semanate-Quifionez et al,,
2022). Figure 1 presents the methodologically defi-
ned moments, the tools used and the products of

LA GRANIJA: Revista de Ciencias de la Vida 39(1) 2024:11-28.

©2024, Universidad Politécnica Salesiana, Ecuador.



Ethnoeducation as an instrument for the promotion of sustainable development. An analysis from

scientometrics

this study.

2.1 Moment I: Search Process

As a first step, a bibliometric analysis of the research
topic of scientific production found on Scopus, Web
of Science and Dimensions from 2017 to 2021 was per-
formed; sources consulted on December 2021 follo-
wed the selection criteria: year, most cited and topic.
The research areas through which the results were
filtered were Education or Studies in Human Society

or Sociology or Curriculum and Pedagogy or Cultural
Studies or Specialist Studies in Education or Langua-
ge, Communication and Culture, Ethnic Studies, Social
Sciences Interdisciplinary, Education Educational Re-
search. The Dimensions database was filtered by the
Sustainable Development Goals: 4 Quality Education
or 10 Reduced Inequalities or 1 No Poverty. Item Type:
Bronze or Hybrid or Green or Gold or All OA. This sho-
wed the advances and research trends of the sub-
ject studied, systematized information in the instru-
ment designed by Semanate-Quifionez et al. (2022).
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Figure 1. Figure inspired in the prism method (Sdanchez-Meca and Botella, 2010) and Burbano-Criollo (2022).

2.2 Moment II: Tree of Science

The results obtained from the previous consulta-
tions were analyzed in the Web Tree of Science (1oS)
tool, categorized as a systematic bibliographic re-
view method with a quantitative approach (Diez-
Gomez et al., 2019) and according to Robledo and
Duque-Méndez (2017), ToS classifies scientific do-
cuments as Root to seminal or classical works;
Trunk, structural works that give continuity or
foundation to the root; and Leaves, which presents
current or emerging works and can be categorized
as research trend (Zuluaga-Rojas et al., 2016). Th-
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rough this method, it was possible to identify the
most notable indexed scientific documents related
to the areas of ethno-education, ethno-pedagogy
and ethnic population, recording their advances
and trends of research in sustainable development.

2.3 Moment III: Analysis and interpreta-
tion of research subareas

To identify the research subareas, databases we-
re analyzed in the VOSviewer software (Van Eck
and Waltman, 2020) and the results were triangu-
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lated with the results of the Tree of Science genera-
ted in RStudio-Cloud (Zuluaga-Rojas et al., 2016) to
identify the three most significant topics in the re-
search area. The clusterization algorithm applied in
the Gephi software allowed to obtain the research
knowledge network (Blondel et al., 2008). Finally,
the databases obtained in RStudio-Cloud were analy-
zed with the Bibliometrix package (Aria and Cuccu-
rullo, 2017) which yielded the annual scientific pro-
duction, the most cited authors, the sources with the
greatest citations and the thematic map of research

trends to select the articles with greater thematic im-
portance.

3 Research results and discussion

The scientific documents that determined the un-
derstanding of the contributions of ethno-pedagogy
to sustainable development were selected. Table
1 presents the sources of information, the search
equation and the total results found and filtered
from the UNESCO (2021) keywords and thesaurus.

Table 1. Review Criteria.

Source of Search Keywords/UNESCO
. . . . Total
information Equation Thesauri
“Education AND *Indigenous communities,
Dimensions pedagogy AND good living, ethnoeducation. 452
indigenous AND *Ethnic group, pedagogy,
ethnicity” bilingual education.
(Education) AND >*‘Ethnicity,'socioedu'catio.n.,
Scopus (pedagogy) AND ethno—ed'ucatlon, sus'tamablhty, 249
interculturality
(indigenous) *Pedagogy, national identity.
“Education AND * Socioformation
Web of Science  pedagogy AND 423
indigenous” *Pedagogical practices

3.1 Scientometric Results

It was found that the scientific indexing of the
analyzed period in the research topic has increa-
sed. Most publications are indexed in Dimensions
with 453 documents, followed by WoS with 309 and
Scopus with 149 scientific documents (see Figure 2).

The analysis carried out with Bibliometrix allo-
wed finding the countries with the greatest number
of researches in the topic as it is presented in Figure
3.

Australia ranks first with more than 60 scientific
papers, followed by the United States; however, it
is worth noting that among the 20 most influential
countries there are three South Americans, Mexico
ranked seven, Brazil ranked eleven (11) and Chile
ranked sixteen (16).
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Bibliometrix by means of RStudio-Cloud allowed
to identify topics of research trend, synthesized in
the thematic map of Figure 4. The results show
that the most cited topics and authors regarding
research topics are pedagogy (Walsh et al., 2018),
indigenous knowledge (Zurita-Alava et al., 2017),
integrality (Williamson, 2004, 2005); the topics with
more centrality and density are placed in the center
of the map. In the same order, it is observed a ten-
dency to use the concept of diversity (Lopez, 1997;
Zurita-Alava et al., 2017) and inclusive didactics
(Colom Cafiellas, 1998).

However, to make an analysis of the selected
scientific documents, the knowledge network was
developed with the authors who contribute sig-
nificantly to the analysis of the research topic. To
achieve this, RStudio-Cloud generated the “targets
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and sources” to then obtain the graph in the Gephi
software (Darko et al., 2019; Dervi s, 2019) and edit
it in the following Figure 5.

ToS also served as a reference for the identifica-
tion and analysis of concepts, thus allowing the vi-
sualization of pedagogical and intercultural views
influenced by ancestral legacies of their world-
views. Table 2 of the annex summarizes the Tree
of Science generated by ToS in the RStudio Cloud
web tool, categorized by subject area and total ci-
tations of the works. ToS threw nine (9) scientific
papers root, seminal, among which stand out Tuck
and Wayne Yang (2012), who work with decoloni-

zation and indigenous life; Nakata (0007) with edu-
cation and analysis of native students in the pro-
cesses of formal education to decolonize indige-
nous studies and pedagogical approach. Ten (10)
stem scientific documents, structural and root con-
nectors. Among the most cited authors are Ladson-
Billings (1995) who works on pedagogical research,
improving education and collaborative and reflecti-
ve research; Gruenewald (2003) with critical peda-
gogy and place-based education, human relations,
decolonization and reintegration and Wolfe (2006)
with colonialism of settlers and the elimination of
natives.
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Figure 2. Annual scientific output by total published works.

McCarty (2014) address the critical pedagogy of
culture-based indigenous support and education.
Sutherland and Swayze (2012) with scientific edu-
cation in indigenous environments and the impor-
tance of place in the indigenous context, as well as
Madden (2015), who works on pedagogy for de-
colonization, indigenous education and anti-racism
based on place. Ten (10) scientific documents ca-
tegorized as Leaves or research trend and / or
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emerging is Harrison (2020) and Dreamson (2018,
2016) who work on indigenous pedagogical cul-
tures, intercultural education and cultural diver-
sity. Higgins (2014) with decolonized theory, know-
ledge and ways of being indigenous, which opens
new paradigms of education and linguistic models
(Hino, 2018, 2020). Burgess et al. (2020) contribute
about the professional learning of teachers since the
decolonization of indigenous education.
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Scully (2020) in the face of the common know- (2019) analyze entrenched pedagogy for the cons-
ledge of teachers, peoples, lands and histories for truction of critical awareness and pedagogies that
indigenous education, and Sosa-Provencio et al. support, involve and improve the educational out-
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comes of aboriginal students Burgess et al. (2019).
Finally, in order to identify clusters and research
trends, the databases were processed in the VOS-
viewer software, which allows making a normaliza-
tion analysis with the fractionation method from the
number of occurrences per topic and year of pu-

Lopez (1997)

Diversidad

Gallopin (2003)
Sostenibilidad

Walsh (2009)

Integralidad

Albirini (2006)

Pedagogia

blication. Figure 6 presents the subareas of greater
research concentration defined by education, peda-
gogy and knowledge in the face of sustainable de-
velopment, which can direct the dissertation from
the selected authors.
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L
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Castellon; Murga y Novo (2018)

Didacticas
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Figure 5. Knowledge Network.

3.2 Results of research sub-areas

In order to highlight the main topics of trend and
relevance to the research, reference is made to:

* Pedagogy: The author with the highest cita-
tion rate in this topic is Albirini (2006), who
worked on teachers’ attitudes towards the use
of ICTs to revolutionize the educational sys-
tem.

* Pedagogical Innovation: Aguilera-Martinez
et al. (2015) contribute to building learning
through the experience and imaginaries that
students project in front of the environment
they inhabit.

+ Indigenous knowledge: Zurita-Alava et al.
(2017) work on cultural knowledge in the rai-
sing of children.
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» Walsh (2009), analyzes critical intercultura-
lity and de-colonial pedagogy; bets of the in-
emergence, re-existing and re-live Cuello Ra-
mirez and Garrido Serpa (2020).

* Diversity: the most significant author in this
topic is Lopez (1997), who addresses the pro-
blems and challenges of rural education in Co-
lombia.

¢ Didactics: Castellon (2018) works on ethno-
education and intercultural practices; and
Murga-Menoyo and Novo (2017) address pe-
dagogy for sustainable development.

* Sustainable Development (SD): Sustainability
and SD are seen from different approaches, do
not mean the same and do not have the sa-
me approach. Sustainable development is part
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of the idea of generating a progressive chan-
ge, while sustainability is the process of im-
proving the quality of life of people (Gallopin,
2003).

» Ethno-education: allows us to analyze the
thoughts and practices in the different ethnic
communities, the historical process and the
cultures of the First Peoples in the territory.
It also allows incorporating the community
pedagogical discourse, which disagrees with
current globalizing and modernist tendencies
originated from the structural-colonial-racial,
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which has forged the loss of cultural identity,
beliefs and language of ethnic communities
(Acevedo, 2019).

* Culture: Mora (2013) reflects epistemologi-
cally on culture from human experience in na-
ture, evolutionary stagnation and understan-
ding as a system. Culture contributes to de-
fining the Environmental Dimension, advan-
cing the concept of Environmental Sustainabi-
lity of Development and deepening Sustaina-
ble Development as an integral commitment
of each Nation and States.
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Figure 6. Sub-areas of research. Figure homemade with VOSviewer software.

4 Ethno-education and Ethno-
pedagogies for Sustainable Deve-
lopment (SD)

Sustainability

The pedagogy for sustainability emphasizes the res-
ponsibility of humanity towards Mother Earth, na-
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ture and Territories, which is necessary to achieve
social equity between individuals (Murga-Menoyo
and Novo, 2017). To achieve this, in addition to the
growth of a nation, it is essential to have pedago-
gical bases which are applicable in the day-to-day
of each person. Therefore, it is necessary to impro-
ve the pedagogical process with emphasis on sus-
tainability, planetary citizenship and glocality. The
complexity of the process is to adapt and articula-
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te all humanity with nature in a planetary model
that generates a glocal development coupled to the
approaches of sustainability (Murga-Menoyo and
Novo, 2017).

However, from the ethno-educational proposals
offered by indigenous cultures, these allow identif-
ying the visions and imaginaries of their communi-
ties to create and value the world. Ethno-education
assumes some principles of the Good Living (Capi-
tan et al., 2019) and environmental education (Vés-
quez, 2020), such as the importance of rebuilding
ancestral knowledge, which are rejected by Western
logics, stressing the need to hybridize them with cu-
rrent knowledge, coinciding with the Community
Model of Sustainable Development, which would
allow finding innovative strategies to solve the cu-
rrent decline of humanity (Martinez et al., 2016).

Therefore, there is no clear definition of the SD
for ethnic communities and First Peoples within a
reference framework of important concepts that en-
compasses the definition, so it is assumed the one
by Martinez et al. (2016) of “indigenous community
sustainability”, which articulates three important
approaches: 1) Sustainable Lifestyles, 2) Commu-
nity Model of Sustainable Development, and 3)
Good Living, which correlate and modulate the
dimensions of the SD “ecological, social, cultural,
economic and political”, pillars of First Peoples.

This leads to create a conceptual synthesis from
the communities and forms to integrate the concept
of sustainability to the territories from recovery ac-
tions and rehabilitation of ecosystems, sustainable
use and use of environmental goods and services
(Mora, 2013).

This is how sustainability can be defined from
ethno-education as the process that allows the va-
luation, preservation and transmission of ances-
tral knowledge from the appropriate management
of the natural resources that exist in the territory
and conservation for future generations; this oc-
curs from ethno-pedagogical methods that allow
the harmonization of the territory, food sovereignty
and security, the recovery of traditional produc-
tive practices and a sustainable and equitable re-
gional economic exchange [from the perspective of
the First Peoples]. This is how ethno-education for
sustainability is conceived from the People’s As-
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semblies and the participation of its members in
projects, in addition to the harmonious integration
of its ancestral practices with current ones (Marti-
nez et al., 2016).

As a conclusion, ethno-pedagogy is the process
of life itself, since teaching not only focuses on edu-
cating oneself in something for work performance
but is also essential to understand and learn to va-
lue the planet, the family, and even life itself; all this
is a learning that could be called the pedagogy of
life with constant learning method to achieve sus-
tainability.

Education and Interculturality

The First Peoples are the most important minority
that preserves the reality of the ancestors before
being a nation colonized by different cultures. In-
tercultural education makes it possible to integrate
learning processes into the cultural and historical
environment, hence it is important to consider all
the diversity that exists in the territories; we cannot
speak of plural democratic pedagogy just because
most are the ones who make the difference.

So, who should the school educate? Castellon
(2018) analyze the question raised from antiquity to
the present day, in search of a logical and concrete
answer that can determine this enigma focused on
the central axis of politics.

The answer to the question is that modernity has
injected the school with a way of learning to mo-
dern society, where it is sought that citizens are edu-
cated in a system of thought and behavior where
the purpose and interest is recognized by the majo-
rity in a democratic way; however, by giving con-
tinuity to this model, minorities will never be ta-
ken into account and their rights will always be
violated. Therefore, the modern State must propo-
se projects for the formation of citizenship. These
must be managed from the societies and managed
correctly, where civic education is a priority to im-
prove and include in the State policies and Develop-
ment Plans the component of own education and
ethno-pedagogical of the different cultures existing
in the nation and not directed by a dominant politi-
cal project (Sanchez-Otero et al., 2019).
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Ethno-education and curriculum

Regarding the implementation of ethno-education
from educational policies, “currents of reflection
and innovation have been generated, leading to a
substantial modification of educational practice”
(Ruiz-Cabezas and Medina-Rivilla, 2014, p. 6). This,
according to Moreno and Silva (2021), has managed
to condemn the different grounds of discrimina-
tion and provide the right of political participation
for the construction of educational regulations of
the State concerning ethnic populations, thus pro-
viding the enjoyment of collective and individual
human rights.

Thus, the aim of ethno-education is to achieve
the integration and transversality of the curriculum
of the Western school versus knowledge (Nakata,
2011). For this reason, it is essential to think about
another form of school, one that allows life, the va-
luation of ancestral knowledge from the recovery
of practices, and knowledge, since education offers
with other values different from those of the First
Peoples, separated from the moments of life of the
communities.

Through the study of the academic curriculum
and the foundation of its own structures, it has been
possible to strengthen the forms of ethno-education.
Not the curriculum as it is known or called, sin-
ce this would mean adapting the foreign, leaving
outside fundamental areas of knowledge of ethnic
communities framed in ancestral knowledge. The-
refore, knowledge must be integrated, thought can-
not be fragmented or condensed into a curriculum.
There must be integration between the territory and
society, the community and nature, the mathema-
tics and the production, the communication and the
language, the organization and the politics, without
leaving the fundamental, the wisdom and the an-
cestral worldview.

It is also found that the “flexibility” of the pro-
grams for ethnic students proposed by Higher Edu-
cation Institutions (HEI), are assumed as “low qua-
lity” and the associativity of "differentiationis not
understood (Mato, 2011). In addition to this, it is
necessary to design instruments and procedures
particular to the evaluation processes that integrate
the holistic view of the ethno-educational, ethno-
pedagogical proposals and the contexts in which
they are developed, including their teachers, ethno-
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educators and researchers.

The above implies a tendency of appropriation
of ethno-education and ethno-pedagogy in new in-
tercultural and pedagogical spaces that are adapted
simultaneously with traditional practices, which
allow to affirm cultural identity, generate intercul-
tural dialogues and achieve the encounter with the
other (Castell6n, 2018).

5 Conclusions

The review allowed to identify the evolution in the
challenges of ethno-education in intercultural con-
texts, where educational processes must end from
the matrix of First Peoples and drive a new “deve-
lopment” with traditional practices gestated from
educate to be and not adapt it to traditional edu-
cational doctrines, thus achieving a conservation of
diverse cultures that continue struggling to obtain
their own education.

From the results analyzed, it is evident the evo-
lution of topics that integrate the culture, knowled-
ge and practices of the original communities against
what is defined as Sustainable Development. Fi-
nally, it is possible to resemble the original cultu-
res, which through their language and beliefs achie-
ve a grounded knowledge of research for education
of their own culture (ethno-education), focused on
methodologies outside the classroom, with an edu-
cation based on how to orient the learning process
from their visions, beliefs and imaginaries.
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Abstract

In Yucatan, the transition from rural to semi-urban communities has occurred mainly in the municipality seats; this
transition comes with the problems of waste management. The municipalities oversee the Integral Urban Solid Waste
Management (IUSWM); but in recent years, the public-private partnership for waste management has proved to be an
effective strategy. There are few studies on the [IUSWM in rural or semi-urban areas and the users’ willingness to pay,
information that would help public policymakers to design adequate plans and programs for its management. There-
fore, the purpose of this study is to determine the socioeconomic factors associated with the willingness to pay for the
TUSWM of users in semi-urban municipalities of Yucatan. A total of 1,144 interviews were conducted in 6 semi-urban
localities in Yucatan, and the data were analyzed using descriptive and inferential statistics with a Tobit regression
econometric model. 69.75% of the surveyed users declared that they were willing to pay an average of 17.65 Mexican
pesos (0.85 U.S. dollars) for the integral urban solid waste management. The willingness to pay decreases when the
Mayan language predominates among the member of the household, and when they have fewer tangible assets and
rooms. There are cultural and social factors rooted in solid waste collection, this integrated system may be accompa-
nied by other types of economic incentives to modify consumers’ behavior towards something more beneficial for the
environment, such as the homes’ income.

Keywords: Urban Solid Waste (USW), Semi-rural area, Willingness to Pay (WTP), Tobit model.
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Resumen

La transicién de lo rural a lo semiurbano en Yucatdn ocurre principalmente en las cabeceras municipales, y trae con-
sigo problemas de gestioén de los residuos. Las autoridades municipales son las encargadas del Manejo Integral de
los Residuos Sélidos Urbanos (MIRSU); pero en tdltimos afios, la asociacién entre el sector ptublico y el privado pa-
ra la gestion de los residuos resulta una estrategia eficaz. Existen pocos estudios sobre el MIRSU en zonas rurales o
semiurbanas y la disposicién a pagar de los usuarios, informacién que ayudaria a los creadores de politica ptblica
a disefiar planes y programas adecuados para su gestiéon. Por lo tanto, el objetivo de este estudio es determinar los
factores socioeconémicos asociados a la disposiciéon a pagar por el MIRSU de los usuarios de municipios semiurbanos
de Yucatan. Se realizaron 1,144 encuestas en 6 localidades semiurbanas de Yucatan, los datos se analizaron mediante
estadistica descriptiva e inferencial con un modelo econométrico de regresién Tobit. El 69,75 % de los usuarios encues-
tados declararon estar dispuestos a pagar por el manejo integral de los residuos sélidos un monto promedio de 17,65
pesos mexicanos (0,85 délares estadounidenses). La disposicion a pagar disminuye cuando predomina el idioma ma-
ya, y mientras menos activos fisicos y habitaciones tenga el hogar. Existen elementos culturales y sociales arraigados
en la recoleccién de residuos sélidos, este sistema integral puede ir acompanado de otro tipo de incentivos econémi-
cos para modificar el comportamiento de los consumidores hacia algo mas beneficioso para el medio ambiente, tal
como el ingreso familiar.

Palabras clave: Residuos S6lidos Urbanos (RSU), dreas semi rurales, Disposicién a Pagar (DAP), Modelo Tobit.

Suggested citation: Hernandez Cuevas, F.,, Castillo Loeza, D., Becerril Garcia, J. and Mc Manus Gémez,
M. (2024). Willingness to Pay for Urban Solid Waste integral system in Semi-Urban
Populations. La Granja: Revista de Ciencias de la Vida. Vol. 39(1):29-44. http://doi.
org/10.17163/1gr.n39.2024.02.

Orcid IDs:

Francisco Ivan Herndndez Cuevas: https:/ /orcid.org/0000-0002-1310-7574
Diana Estefania Castillo Loeza: https:/ /orcid.org/0000-0002-0363-5883
Javier Becerril Garcia: https:/ /orcid.org/0000-0003-3785-1469

Maria Pia Mc Manus Gémez: https:/ / orcid.org/0000-0002-3031-3652

LA GRANIJA: Revista de Ciencias de la Vida 39(1) 2024:29-44.

30 ©2024, Universidad Politécnica Salesiana, Ecuador.


http://doi.org/10.17163/lgr.n39.2024.02
http://doi.org/10.17163/lgr.n39.2024.02
https://orcid.org/0000-0002-1310-7574
https://orcid.org/0000-0002-0363-5883
https://orcid.org/0000-0003-3785-1469
https://orcid.org/0000-0002-3031-3652

Willingness to Pay for Urban Solid Waste integral system in Semi-Urban Populations

1 Introduction

Globally, the problem of Urban Solid Waste (USW)
is increasing due to the growth of population and
the change in consumption patterns. According to
Kaza et al. (2018), 242 million tons of plastic waste
are generated worldwide, and 1.6 billion tons of car-
bon dioxide equivalent (CO; equivalent) greenhou-
se gas emissions were produced from solid waste
management in 2016. If there is no improvement
in solid waste generation, emissions will increase
62.5% by 2050.

In 2017, Mexico produced 102,895.00 tons of
waste daily, from that amount 83.93 % were collec-
ted, and 78.54% were disposed in final disposal
sites, recycling only 9.63% (Secretaria de Medio
Ambiente y Recursos Naturales, 2017). Official in-
formation (Fig. 1) at a country, state, and local level
regarding solid waste generation is scarce and out
of date (last official data was registered in 2012).
Notwithstanding the preceding, explicit behavior is
observed in the country’s commitment to economic
growth. The increase in average spending on pri-
vate consumption by families has led to a constant
increment in waste and waste generation. Even in
times of economic crisis (2009), the generation of ur-
ban solid waste continued to escalate, this effect can
be attributed to the economic pause generated by
the mitigation actions of the COVID-19 pandemic
and that now with the economic reopening, could
have a more significant effect in terms of pollution.

The USW production is linked to human acti-
vities at the household level (Diario Oficial de la
Federacién, 2003), so its increase is also related to
household consumption patterns and population
growth. Research can reveal changes in consum-
ption patterns; for instance, a study was conducted
on the island of Crete to identify the composition
of waste; the results indicated a change in consum-
ption patterns, mainly due to the increase in packa-
ging materials in contrast to the decrease in organic
waste (Gidarakos et al., 2006). On the other hand,
as the population grows in a region, it is necessary
to establish a more organized form of waste mana-
gement to maintain general health issues (Seadon,
2006).

The proper management in USW levels has not
been accomplished yet (Marin Garcia and Quinta-
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nilla Jerezano, 2007). Some USW disposed of land-
fills have a residual value, such as paper, PET, pa-
per board, milk carton, metal, among others. Ho-
wever, when they are not reused or reintegrated
into the economy, this value is missed (Taboada-
Gonzélez et al., 2013). The mismanagement of USW
can create harmful effects such as soil, air, and wa-
ter pollution, loss of biodiversity and health risks
(Huamani Montesinos, 2017; Srivastava et al., 2015).
The proper management of USW is an issue that
impacts the different dimensions of sustainability
(da Silva et al., 2019); therefore, it is important that
after collecting data about USW in studies, findings
are used by the policymakers to develop or impro-
ve an adequate Integral Urban Solid Waste Mana-
gement IUSWM).

In Mexico, the General Law for the Prevention and
Comprehensive Management of Waste of 2003 indica-
tes that an IUSWM is a system related to actions to
reduce, re-use, and re-cycle the waste produced, as
well as their collection, storing, and final disposal,
following the objectives of sanitation, restoration,
and conservation of the environment. However, the
sectors in which solid waste is generated include
industrial, governmental, institutional, and health
care (Srivastava et al., 2015).

There is not an accurate definition of IUSWM
since it changes depending on the country; moreo-
ver, IUSWM goes further the final disposal. Tcho-
banoglous and Kreith (2002) suggest that selecting
and applying appropriate management practices,
technologies, and programs to accomplish the ob-
jectives can be called a system. The advantages of
having an IUSWM in a country goes beyond the
preservation of the population’s health. It also in-
volves the decrease in use of natural resources and
pollution from untreated waste discharge; and in-
directly, energy savings (Hui et al., 2006).

Nowadays, the problem of solid waste manage-
ment is also present in urban and semi-urban areas
because of the increase of urbanization. For instan-
ce, in the rural areas of India, waste is dumped in
inappropriate places (roadsides, vacant lands, etc.),
which is dangerous to the residents’ health from
these areas and affects the environment; there is no
separation of waste, and although organic waste is
fed to animals, changes in consumption patterns
have increased the use of plastic materials that are
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disposed in landfills (Vij, 2012). In rural areas of
Egypt, it has been documented that solid waste is
often dumped in drains and canals, open dumps or
burned (El-Messery et al., 2009).

In the last decades in Mexico, rural areas have al-
so been transformed from rural to urban and semi-
urban due a demographic growth. This transition
from rural to urban comes with the USW manage-
ment problems, as well as the change in consum-
ption habits. The State of Yucatan' is not exempt,
it has experienced this transformation especially in
municipality seats?, some of which have reached
the size of semi-urban areas. Unfortunately, the
USW problem is present inside them (like the in-
creasing use of disposable and dangerous mate-
rials). It is exacerbated when the communities have
no adequate trash collection services. This remains
latent in the information reported by Secretaria de
Desarrollo Social (2013) (Table 1), where growth in
the generation of urban solid waste can be observed
in rural or semi-urban areas. The state of Yucatdn

45000
& 40000
= 35000
@ 30000
25000
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15000
10000
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0
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Millions of Mexican peso

has also registered increases in the volume of USW
generation, obtaining a total of 620 thousand tons
for the year 2012.

The only municipality in the state of Yucatan
that has a sanitary landfill is Merida, and the other
municipalities have lack of proper landfill. As a re-
sult, the waste in rural and semi-rural locations is
burnt, and dumped in landfills, ground holes, and
streets. Among the problems caused by poor mana-
gement of USW there can be found environmental
pollution (air, soil, water, visual), unpleasant odors,
rodents and pests, and issues that endanger inha-
bitants’” health (Canul Bacab and May Hoil, 2016).
In Yucatan, initiatives have been developed due
to USW, an example of these initiatives is that all
its municipalities, have a Solid Waste Management
Plan (Secretaria de Desarrollo Sustentable, 2021).
However, the application of these plans requires in-
vestment, innovation, and the link between the so-
cial, private, and public sectors to begin having po-
sitive effects in reducing USW.
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= Quartely average private final consumption (millions of Mexican pesos)

Figure 1. Urban solid waste generation and private consumption in Mexico
Source: Own elaboration based on data from Secretaria de Desarrollo Social (2013).

10ne of the 32 states of the Mexican Republic.

2 Also known as Cabecera municipal in Spanish. It is a city or town seat of the municipal government. Mexico has three levels of government:

Federal, State and Municipal, and 32 States and 2 471 Municipalities.
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Table 1. Urban solid waste generation by type area

National urban solid Urban solid waste SOhd waste gegeratlon

Year waste generation generation in Yucatdn in rural or s.eml—urban
(thousands of tons) (thousands of tons) locations

(thousands of tons)

2002 32 173.60 459.52 4774.20

2003 32915.70 470.85 4793.00

2004 34 604.00 496.00 4 964.00

2005 35 405.00 509.00 5 326.00

2006 36 135.00 522.00 5 088.00

2007 36 865.00 551.00 5021.00

2008 37 595.00 562.00 4 540.00

2009 38 325.00 573.00 4 561.00

2010 40 058.75 591.30 4 639.50

2011 41 062.50 605.90 4704.30

2012 42 102.75 620.50 4726.00

Source: Own elaboration based on data from Secretaria de Desarrollo Social (2013).

In Mexico -according to Article 115 of the Politi-
cal Constitution- municipalities oversee cleaning,
collection, treatment, and final disposal of was-
te. However, Mexico has experienced a noticeable
change in public services, as more and more private
services replace them. This includes the potable wa-
ter supply, street lighting, and waste collection ser-
vices (Couto Benitez et al., 2012). The participation
of private sector has become an alternative solution
to the problem of waste management, mainly in ur-
ban areas (Couto Benitez et al., 2012). Some studies
address the population’s willingness to pay for the
trash collection system, as well as the factors that
influence this decision (Kayamo, 2022; Koford et al.,
2012; Song et al., 2016).

The studies on USW management are focused
on urban areas which have a large population (in
Mexico urban is upper than 15,000, and rural is
below 2,500 inhabitants, in between: semi-urban).
Nevertheless, these results are not likely to be ap-
plicable in semi-urban areas, as they are smaller
(Friesen-Pankratz et al., 2011).

Therefore, there is a lack of information on USW
collection and final disposal in rural and semi-
urban areas, and also about the factors that incen-
tive these inhabitants to acquire a waste collection
service (WCS). For that reason, the purpose of this
study is to determine the socioeconomic factors as-

3Yucatén has 106 municipalities.
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sociated with the willingness to pay in order to
create an integral solid waste management system
(ISWMS) in semi-urban cities in Yucatan.

2 Materials and Methods

A quantitative approach with non-experimental de-
sign and cross-sectional type was used in this study
by analyzing descriptive and inferential statistics
through a truncated regression econometric model
(Tobit). The data was collected in only one period
between January and March 2021.

The design of the study considered having spa-
tial representativeness of the semi-urban cities in
municipalities in the state of Yucatan?, those we-
re selected according to their spatial distribution.
The state was divided into six areas, considering
the central, the northeast, northwest, southeast, and
southwest areas. The municipalities selected accor-
ding to the criterion of representativeness were:
Halacho, Izamal, Muna, Peto, Tekax, and Tizimin,
and the semi-urban cities selected inside them are
their municipal seats; both are reported in Figure 2:
municipality full colored and dot semi-urban city.

The sample size was calculated for each munici-

pality seats with 95% confidence, 10% of error and,
the positive response of 90 % and negative response
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of 10%. A total of 1,144 interviews were collected
(Table 2), which were supplied and answered phy-
sically and personally (face to face), contemplating
the informed consent regarding the use of the infor-
mation and all the security and distance measures
to avoid the spread of COVID-19.

The instrument used in the present study was
a household survey, which was made up of a to-
tal of 6 sections that included: sociodemographic as-
pects of the household members, information rela-
ted to the principal and secondary economic activi-
ties they carry out, elements about the physical cha-
racteristics of the home, the public policy programs
that the home receives, the physical assets that the
family has, and a section related to the generation of
solid urban waste. All the information was captured

and stored in spreadsheets and later imported into
the STATA 17® statistical software for descriptive
and econometric statistical analyzes.

Table 2. Sample size of study area

Municipality | Inhabitants Sarpple

size

Halacho 4,747 208
Izamal 9,640 206
Muna 3,029 205
Peto 5,599 102
Tekax 9,606 210
Tizimin 17,705 213

Total 1,144
Source: Own elaboration based on

INAFED (2021)

Legend
= Yucatan Study Area
Author: Diana Castillo

Bl Halacho Date: 12/Dic/2021
(-] Izamal Sistema de Coordenadas

Muna Geograficas
L un Datum: WGS 84
] Peto Source: INEGI (2015)
] Tekax _

) cale
B Tzimin 1:1:800 000
@® Municipality seats

Figure 2.

Study Area

Source: Own elaboration adapted from INEGI (2015).
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2.1 Economic valuation method

The declared preferences method was used to esti-
mate the total willingness to pay for the creation of
an integral urban solid waste collection system. In
particular, the contingent valuation method (CVM)
was used, which offers a more direct approach
to the interviewee (Tietenberg and Lewis, 2018).
A CVM method provides information concerning
WTP distribution for a proposed change in an en-
vironmental good (in this scenario, a reduction of
pollution generated for the urban solid waste), and
its goal is to measure an individual’s monetary va-
lue for this item. The act of valuation implies a con-
trast between two situations, one with the item and
one without it, therefore the answers reveal either
an upper bound (in the case of a “no” answer) or
a lower bound (in the case of a “yes” answer) (Tie-
tenberg and Lewis, 2018; Carson and Hanemann,
2006).

The theoretical background of the method is
composed by the structure of the utility function
(Ferreira and Marques, 2015). The CVM relays on
the survey response probability under the assum-
ption that an individual maximizes her utility, the
cumulative distribution function of WTP, G, and
the corresponding probability density function, g,
depends on the form of the survey questions (Ho-
yos and Mariel, 2010). We use an open-ended ques-
tion format where individuals were asked to sta-
te their maximum WTP directly, A, the probability
that the individual's WTP is equal to A, is:

Pr(WTP=A)=g.(A) @8

Obtaining the WTP distribution for an open-
ended question format assumes a linear regression
on some covariates (Zy) and a normally distributed
random term (g), so that WTP is also normally dis-
tributed (Hoyos and Mariel, 2010):

WTP=puyrp+e=27y+¢ 2

2.2 Specifications of the Tobit censored re-
gression model for WTP ($)

A monetary value of the willingness to pay (WTP)
of the interviews was obtained. However, this de-
pendent variable presents a particular characteristic
as it is “left” censored in O for all the responses of

“Exchange rate $ 20.73 mexican peso by $ 1 US dollar.
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the individuals who decided not to be WTP, in such
a way, there is no charge for this situation. Additio-
nally, it is also censored to the “right”, since values
greater than zero in the WTP have a limit of $ 200
MX*, that is, none of the interviewees were WTP
more than $ 200 MXN per month for the creation of
ISWMS.

Therefore, the Tobit model (Tobin, 1958) is the
most suitable alternative to the ordinary least squa-
res regression model (OLS). The lack of ability to
recognize the censorship in the distribution of the
responses on the OLS model causes inconsistent
and biased estimation parameters (Del Saz-Salazar
et al., 2020; Maddala, 1983).

The Tobit regression model can be defined as fo-
llows:

yi =xp+e 3)

Where y; is the dependent latent variable, x;,
is the i-th row of n x (p+1) data matrix X with p
explanatory variables, B is a (p+1) x 1 vector of
coefficients and ¢€; is the error term which is inde-
pendently distributed with mean 0 and variance 6°.
There are different types of censoring such as left,
right, double, centrally, and progressively (Toker

etal., 2021).

The estimation of the Tobit model is now es-
sentially on the level of ordinary linear regression
(Greene, 2018), where the log likelihood for the cen-
sored regression model is:

, 2
1 ()’i*x'f’)
L=y —> In(27) + In6? + ~—— 2

>0 02
1-® @
(o}

Where the two parts correspond to the linear re-
gression for the nonlimited observations and the re-
levant probabilities for the limit observation respec-
tively (Greene, 2018).

“4)

+ Z In
=0

35



Special Issue / Niimero Especial
SUSTAINABLE DEVELOPMENT

Herndndez Cuevas et al.

3 Results

The social, economic, and demographic characte-
ristics of inhabitants and their households (HH)
are reported in Table 3, were 41 % of the household
head is a man, the age average is around 50, and
most of them (57%) speak local language: Maya.
Most of the heads of household haven’t finished
high school (8.78 years of study). The annual inco-
me is around $ 2,720 US dollar per-capita.

Figure 3 identifies the urban solid waste ge-
nerated with greater frequency in the interviewed
households, the following stand out: bone and ani-
mal skin remain (93.53%), PET bottles (93 %), food
wrappers (92.48 %), cleaning products (92.3 %), food
scraps (90.38 %), light bulbs (89.07 %), plastic in ge-
neral (87.3%), cans (84.23%), toilet paper (83.3%)
and, wood (82.25%). There is great value in recy-
cling or the circular economy markets within the
waste generated by households such as PET, cans,
wood, and food wrappers. This factor is vital since
the integral waste management system must consi-
der reusing this type of waste.

Table 3. Sociodemographic characteristics of households

Variable Mean Star}da}rd
deviation

Household head

Sex (1=man) 0.41 0.49

Age 49.70 17.01

Speaks maya (1=yes) 0.57 0.49

Schooling years 8.78 4.01

Households’

characteristics

Family size 2.51 1.54

Number of 2.00 1.06

rooms

Has a

cellphone (1=yes) 089 031

Has a

tricycle (1=yes) 0-36 048

Has a car (1=yes) 0.14 0.35

Anual total

income ($MXN) 56,385.78 | 66,114.94

Source: Data collected, n= 1,144 households
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Figure 4 presents the distribution of the USW ge-
nerated in the households interviewed by their des-
tination. As it is known waste collection handles so-
me of the USW, however, the final disposal of other
waste is burnt, sold, recycled, composted, used for
animal food, given away, and dumped in landfills,
streets, wells, and ground holes. According to the
results obtained in the private dwellings, the follo-
wing elements can be highlighted:

* Trash burning: The 24% of household burn
toilet paper; the 24 %, wood or gardening was-
tes; the 17%, food wrappers; the 16%, card-
board; and the 9%, domestic products.

» Waste collection: The 86 % of households dis-
pose light bulbs for trash collection; the 81 %,
domestic products, the 74 %, toilet paper, the
73%, food wrappers; the 65%, tetrapak; the
58%, plastic in general; the 56 %, glass; the
54 %, medicines; the 59%, cans; the 47% of
batteries; the 44 %, home appliances; the 41 %,
cardboard; the 40 % pet bottles; to a lesser de-
gree, other.

* Sales: the households interviewed reported
selling some of their waste to the USW. The
22 % sale pet bottles; the 19 %, metal; the 15%,
cans; the 11%, aluminum; the 6%, plastic in
general; and the 4% tetrapak.

» Compost: USW are useful to produce com-
post. The 3 USW mainly used for this purpo-
se are wood or gardening wastes, in the 20%
of households; manure, in the 11% and lastly
food scraps, in the 7 %.

* Animal food: USW can be used as animal
food, especially in rural households that rai-
se backyard animals. The main 3 used for this
are bone and animal skin remaining the 60 %
of the households, food scraps, in the 49 % and
nixtamal in the 9%.
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Figure 3. Percentage of households that generated Urban Solid Waste
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In the description of the groups by their willin-
gness to pay for creating an Integral Urban Solid
Waste collection system in the municipalities, the
results were as follows: 69.75% of the households
interviewed declared they were willing to pay. The
average payment amount is 17.65 Mexican pesos
(0.85 US dollar).

The sociodemographic aspects that make the
households different for their willingness to pay
are described in Table 4. The results show that Ma-
yan speaking (t = 3.33), years of education (t = 2.44),
number of rooms in the house (t = 4.99), possession
of a cell phone (t = 2.59), tricycle (t = 4.38) and a car
(t = 3.89) make these groups different. In this sen-
se, it is observed that households where the Mayan
language predominates in general, are not willing

Light bulbs
Home appliances
Agrochemicals
Domestic products
Textiles

Auto products
Oil

Batteries
Medicines
Plastic in general
Styrofoam

Food wrappers

to pay, as well as households that present fewer
physical assets of the household.

The mean of WTP varies from one municipality
to another. It is possible to observe in Figure 5 that
in Muna, the WTP is barely above 10 pesos and is
the lowest of all municipalities studied. While Ha-
lacho and Tekax are below 15 pesos, but up to 10.
The WTP in Peto is above 15, but below 20 pesos.
The WTP in Izamal is over 20 pesos, but the highest
mean of WTP is in Tizimin, with 26.90 pesos.

The following Figure (6) shows the supervenien-
ce rate for more detailed information where the fre-
quencies of occurrence of the remaining monetary
value assigned can be observed by the interviewees.

Tetrapak

PET bottles

Glass

Aluminum

Tires

Metal

Cans

Toilet paper

Nixtamal

Manure

Bone and animal skin remains
Food scraps
Wood/Gardening wastes
Cardboard

m waste collection m Trash burning m Dumped

0%

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Sales mGive it away mRecycle mCompost m Animalfood

Figure 4. Destination of urban solid waste generated by households (%)
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Households that declared not being willing to
pay for an integrated solid waste collection system
agreed on the following reasons:

Table 4. Sociodemographic aspects of the households in-
terviewed regarding their WTP

Household is | Household is
.. .. . . willing not willing
* There is insufficient household income. Variable to pay to pay It
(n=798) (n=346)
* There is no habit of paying for garbage collec- Household
tion. head
Sex
0.41 0.42 0.44
« Itis an additional expense for the home. (1=man)
Age 49.34 50.52 1.08
* There is already a free collection of waste. SP‘(’?ks m)aya 0.54 0.65 3.33
=yes
* Distrust on the part of consumers because the 1;;101;2;2(1)3 897 834 244
current system does not function properly. aspects
Family
With the evidence of the descriptive informa- size 248 2.57 091
tion, the Tobit model was applied to identify the so- Number of
. . . - 2.10 1.76 4.99
cioeconomic factors that influence the probability of rooms
a more significant monetary amount in people’s wi- Hasa
llingness to pay. In total, six statistically significant cellphone 0.90 0.85 2.59
variables were identified. Some of those variables (1=yes)
are on the one hand; speaking Mayan by the head of Hasa
: : tricycle 0.32 0.45 4.38
the household and having a tricycle at home as an (1=yes)
asset reduces the probabilities of making a higher Ha:;e:ar
payment. On the other hand, the years of educa- (1=yes) 0.17 0.08 3.89
tion and Yanables associated with materl.al impro- Anual total
vements in the house, such as a more significant income
number of rooms, having a cell phone and a car, po- per cépita 3,025.23 2,729.95 1.33
sitively affect the probabilities of making a greater ($MXN)
willingness to pay. The results are shown in Table 5. Source: data collected.
Halacho |-+ otoveemioroniii @
Peto °
TR |+ttt PR
0 10 2 30
Mean of WTP (MXN)
Figure 5. Mean of WTP from municipalities studied
Source: Own elaboration from data collected
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Figure 6. Survival estimates of WTP
Source: Own elaboration from data collected

4 Discussions

The results of academic research are useful by re-
gional authorities to establish IUSWM plans and
programs capable of meeting regional waste mana-
gement demands (Gidarakos et al., 2006). However,
there is a lack of studies on how rural populations
manage their solid waste (Taboada-Gonzélez et al.,
2013). Findings from existing studies indicate that
local government waste collection is deficient since
a significant part of this population lacks the ser-
vice (Del Carmen-Nifio et al., 2019). There are also
informal trash collection systems in rural areas, for
which the residents must pay a fee (Aljaradin et al.,
2015).

In addition, the results of the present study re-
veal that rural dwellers use organic waste to feed
their animals or in the production of compost, (Del
Carmen-Nifio et al., 2019; Juarez Lépez, 2009); this
tendency shows potential for the application of the
component of re-utilization of USW. Furthermo-
re, some households use trash burning as a cultu-
ral practice or because there is no trash collection
available (Del Carmen-Nino et al., 2019; Friesen-
Pankratz et al., 2011), which is one of the practices
that IUSWM try to avoid since waste burning is a
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path for air pollution. A high percentage of food
wrappers are notable (92.48%), as it has been ob-
served by other studies in different countries, this
practice is related to the change in consumption
patterns (Gidarakos et al., 2006).

Previous studies reveal that the WTP for an ur-
ban solid waste recollection system is related to the
value that inhabitants assign to the quality of the
environment in their community, and other socio-
economic elements as income, gender, age, level
education, family size, offspring, environmental
ethics, and confidence in government (Ibarrardn
et al., 2003; Quispe Mamani et al., 2020). In this
case, the associated factors include not speaking
Mayan, higher number of assets and more rooms in
the house.

Nonetheless, there is a 69.75 % of the households
interviewed willing to pay, which represents an op-
portunity for the government to establish appro-
priate plans and programs of Urban Solid Waste
Management in partnership with a private entity.
This percentage is lower than the one presented by
Song et al. (2016), which obtained 85.5% positive
responses towards WTP in a study conducted in
Macau, China.
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It was possible to establish the mean willingness
to pay in the study area, which was 17.65 Mexican
pesos (0.85 US dollar) per household, significantly
lower results than those obtained by Ferreira and
Marques (2015) in Portugal (2.59 euros) or that re-
ported by Koford et al. (2012) in the United States
($2.29 USD), as well as the 10.16 soles estimated by
Colquehuanca Vilca et al. (2020) in Peru, the $4.79
USD obtained by Song et al. (2016) in China and Ka-
yamo (2022) in Ethiopia with $0.62 USD per person.
The variation might be linked to the different inco-
me between countries, an element that exceeds the
scope of this study.

Table 5. Results of the Tobit regression model

Variable Coefficient Std. z P>lzl
Error
Household
head
Sex 1.99 176 | 113 | 0259
(I=man)
Age 0.05 0.06 0.96 0.337
Speaks
maya -3.74 2.00 | -1.87 | 0.022
(1=yes)
Schooling 0.43 025 | 1.68 | 0.093
years
Household
aspects
Family 0.92 057 | 1.61 | 0.106
size
Number of 4.05 0.81 | 5.00 | 0.000
rooms
Has a
cellphone 10.95 2.95 3.70 0.000
(1=yes)
Has a
trycicle -7.52 1.86 | -4.04 0.000
(1=yes)
Has a car 8.00 246 | 325 | 0.001
(1=yes)
Constant -12.19 5.81 2.10 0.036

n=1,144; uncensored=800, left-censored=341,
right-censored=3; Chi%2=100.09 pr0b>Chi2 =0.000
Source: Own elaboration from data collected
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5 Conclusions

The contingent value method applied to implemen-
ting a solid waste collection system in semi-urban
communities in Yucatdn was successfully applied
in this study. Its effectiveness as a method of direct
assessment of the change of a situation involving
municipal solid waste is tested in the rural and
peri-urban cities in Yucatan, Mexico.

The methodology used allows the establishment
of market-based solutions that reconcile the ability
to pay of the actors involved; however, since they
are directly associated with public service (solid
waste collection), it is necessary to develop comple-
mentary public policies that address the proper dis-
posal of waste, as well as its reduction. The results
of this study contribute to better understanding the
relationship between the inhabitants of growing ci-
ties and to be able to address these problems that
have economic, social, and environmental conse-
quences.

The socioeconomic factors that affect the willin-
gness to pay and that were statistically significant
allow us to approach the household profile that
generates solid urban waste. This information can
help future studies that allow establishing an opti-
mal price for the municipal solid waste collection
system, also considering the following elements
described below to guarantee the financing and
economic sustainability of the system. Although
there are cultural and social elements rooted in so-
lid waste collection, this integrated system may be
accompanied by other types of economic incentives
to modify consumers’ behavior towards something
more beneficial for the environment, such as the ho-
mes’ income. An example of the that could be the
payment of the proper disposal of waste with high
recycling value.

In other countries, a proper public-private ur-
ban solid waste management partnership can result
an effective strategy to solve the USW management
problems Aliu et al. (2014); Bhuiyan (2010); Rode
(2011).
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Abstract

During the last decades in Puno, Peru, the problem of contamination has worsened due to the combined action of
the disorderly growth of the urban population, poor management of solid waste, discharge of untreated sewage in-
to the bay of Lake Titicaca and practices of inadequate sanitation and hygiene, severely affecting the environment
and human health. The objective of the study was to characterize the pro-environmental attitudes and behaviors of
the city’s population of Puno in relation to sanitation, pollution and environmental management. The research is non-
experimental, quantitative, cross-sectional, descriptive, correlational and micro level of analysis. The universe of study
was the population over 18 years of age in the urban area, which comprises 97,264 inhabitants; the sample, determi-
ned at simple random, was 382 people. A structured questionnaire was applied. Descriptive and inferential analysis
and hypothesis testing were performed with SPSS statistical software. The results indicate that the environmental
attitudes of the majority of the population are positive regarding factors and sources of pollution and effects on hu-
man health. On the contrary, environmental practices are inadequate in environmental management in the home and
health and hygiene conditions in the home. It is concluded that the sustainable improvement of pro-environmental
attitudes and behaviors demands a new public policy of environmental education, whose implementation incorpora-
tes the effective participation of civil society based on an incentive system.

Keywords: Environment, behavior, concern, contamination, sanitation.
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Resumen

Durante las tltimas décadas en Puno, Pert, la problematica de la contaminacién se fue agudizando por la accién
combinada del crecimiento desordenado de la poblacién urbana, gestién deficiente de residuos sélidos, descarga de
aguas servidas sin tratamiento en la bahia del lago Titicaca y précticas de sanidad e higiene inadecuadas; situaciones
que afectan severamente el ambiente y la salud humana. El objetivo del estudio fue caracterizar las actitudes y com-
portamientos proambientales de la poblacién de la ciudad de Puno en relacién al saneamiento, la contaminacién y la
gestion ambiental. La investigacién es no experimental, cuantitativa, trans—versal, descriptiva, correlacional y nivel
de analisis micro. El universo de estudio fue la poblacién mayor de 18 afos del drea urbana, que comprende 97.264
habitantes; la muestra, deter-minada al azar simple, fue de 382 personas. Se aplicé un cuestionario estructurado.
El analisis descriptivo, inferencial y prueba de hipétesis se realizé con el software estadistico SPSS. Los resultados
senalan que las actitudes ambientales de la mayoria de la poblacién son positivas respecto a factores y fuentes de
contaminacion y efectos en la salud humana; contrariamente, las practicas ambientales son inadecuadas en gestion
ambiental en el hogar y condiciones de sanidad e higiene en la vivienda. Se concluye, que la mejora sostenible de
actitudes y comportamientos proambientales, demanda de una nueva politica ptblica de educacién ambiental, cuya
implementacién incorpore la participacién efectiva de la sociedad civil con base a un sistema de incentivos.

Palabras clave: Ambiente, comportamiento, contaminacién, preocupacién, saneamiento.
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1 Introduction

Concern for environmental problems began to be
more openly discussed in the 1970s (Vargas et al.,
2019). In the 1980s, humans manifested that concern
for the environment (Alvarez and Vega, 2009) and
in the early 1990s, it was referred to in the global
context at the Rio de Janeiro Earth Summit (Agenda
21,1992).

From the perspective of the Social Sciences, re-
search on this concern has been expressed in theo-
retical formulations, methodological proposals and
empirical treatments that allow the understanding
of human beings to interpret the problem (Amérigo
et al., 2012), expressed in environmental concerns
and their correlation in pro-environmental beha-
viors.

There is a vast and important scientific produc-
tion on the subject made from different perspec-
tives. In fact, on the one hand, there are studies
with one-dimensional pro/anti-environmentalism
approaches in the relationship between self and
nature, with emphasis on safety, health and envi-
ronment (Vargas et al., 2019) or environmental edu-
cation by gender (Pérez-Franco et al., 2018). On the
other hand, studies with two-dimensional structu-
res with strong emphasis on cognitive processes,
such as anthropocentrism-ecocentrism (Thompson
and Barton, 1994), new ecological paradigm (Dun-
lap et al., 2000) and use-preservation (Milfont and
Duckitt, 2010) or approaches with a strong empha-
sis on affective and emotional processes, such as:
emotional affinity (Kals et al., 1999), identity (Clay-
ton, 2003) and articulation with nature (Vining et al.,
2008) whose methodological frameworks were ta-
ken for empirical studies (Sudrez et al., 2007). As
well as studies with tripartite factorial structures:
selfishness, socio-altruism and biospherism (Amé-
rigo et al., 2005); Anthropocentrism, Progress and
Naturalism (Hernédndez et al., 2001) but also stu-
dies under theoretically integrated four-dimension
structures: apathy, anthropocentrism, connectivity
and emotional affinity (Amérigo et al., 2012).

However, studies on environmental behavior
are scarce or little diffused, moreover, there are al-
most nonexistent related to the relationship bet-
ween attitudes with measures of environmental
behavior, being pioneers, in this line, the concep-
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tual proposals about education in the subject made
by Alvarez and Vega (2009) and exploratory stu-
dies of Amérigo et al. (2012); Amérigo and Garcia
(2014); Amérigo et al. (2017); Favara and Moreno
(2020); Rivera-Jacinto and Rodriguez-Ulloa (2009);
Hernandez et al. (2001); Palavecinos et al. (2016).
Most of these empirical studies have taken as units
of analysis mainly university students from Spain,
Mexico, Brazil, Chile, Argentina, Peru, and comple-
mentarily older people in Costa Rica and Spain.

In developing countries such as Peru, most di-
seases affecting people living in extreme and vulne-
rable poverty are largely attributable to basic needs
related to environmental sanitation (World Health
Organization, 2019), solid waste management gi-
ven the huge volume that occurs in urban areas and
with the difficulties to eliminate them, exacerbated
by inadequate environmental practices, which ul-
timately denote a picture that arouses concern in
different sectors of society that try to alert and sen-
sitize the population and authorities. The solutions
and responses to the problem are very diverse at the
global, regional and national levels, depending on
economic, geographical, political, educational and
cultural characteristics (Veldsquez Patifio, 2008).

In Puno, the situation becomes even more criti-
cal, since the wastewater is discharged into the bay
of Titicaca Lake without proper treatment, coupled
with the poor management of urban solid waste,
the collapse of the system of oxidation ponds, the
dismantling caused by the urban construction sys-
tem, the fragility and separation of technological,
institutional and social factors, which severely af-
fect the environment and human health (Tumi Quis-
pe, 2014).

Faced with this complex and multi-
determinative problem, the study aims to respond
to the following concern: what are the expressions
and relationship of pro-environmental attitudes
and practices of the population of the city of Puno
on sanitation, pollution and environmental mana-
gement? The purpose of the research is to contribu-
te to the design of a public policy of environmental
education that serves as a guiding framework for
citizen behavior and institutional management re-
lated to the environment.
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2 Materials and Methods

2.1 Area of study

The study context is the city of Puno, which is com-
prised from the west bank of Titicaca Lake, in the
inner bay formerly called Paucarcolla, on a slightly
undulating surface, surrounded by hills. Titicaca
Lake, located in the high plateau area between Peru
and Bolivia, at an altitude of 3 810 m above sea level,
with a total area of 8.167 km?, a maximum amplitu-
de of 125 km and an extension of 400 km, is con-
sidered the highest navigable lake in the world, its
importance is supported by the richness of its biodi-
versity, aquatic fauna and tourist potential (Arani-
bar Ramos and Patifio Huayhua, 2022; Tumi Quis-
pe, 2016); but paradoxically, its inner bay has been
subject to an increasing pollution process (Luca and
Ticona, 2006) and severe eutrophication (Jimenez
et al., 2016; Fontarbel-Rada, 2003) product of anth-
ropic action (Valderrama and Canales, 2007), with
negative effects on human health (Miranda Alia-
ga, 2004; Valderrama and Canales, 2007) and the at-
mosphere.

2.2 Research design

The research design is non-experimental (since the
study does not establish the manipulation of inde-
pendent variables, but assumes unrestricted respect
for the natural and social environment) and trans-
versal (the process of collecting information and
measuring variables was performed by establishing
a single temporal cut). The focus of the research is
quantitative; it is socio-environmental because its
dimension of analysis; the level of analysis is micro
because it is descriptive and correlational.

2.3 Population, sampling type and sample

The universe consisted of the population over 18
years old living in the urban area of Puno, compri-
sing 97 264 inhabitants (Instituto Nacional de Esta-
distica e Informdtica, 2018); the operational popu-
lation is 382 people, randomly determined without
replacement and considering the 95% confidence
degree and a margin of error of 0.05.
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2.4 Data collection technique and instru-
ment

The data collection technique was the survey, th-
rough a structured questionnaire applied to heads
of families between October and December 2018.
Environmental attitudes were measured with 12
items grouped into three dimensions: factors of
contamination in the house (water quality, garba-
ge collection, unpaved streets, domestic animals in
the house and sewer obstruction), sources of po-
llution of the Titicaca Lake Bay (wastewater, solid
waste, collapse of the oxidation lagoon), effects of
factors and sources of pollution on human health
(neuropsychological, digestive, dermatological, and
ocular symptoms). The measurement of environ-
mental behaviors was carried out through 14 items
grouped into three types of behaviors: environmen-
tal practices in the home (type of container for sto-
ring solid waste (SW), place of storage of SW in
the house, frequency of disposal and final dispo-
sal), conditions of access to water services in the
house (sources of water supply in the house, ac-
cess and home distribution of water, installed and
operational hygienic services) and sanitary and hy-
giene practices in the home (frequency of hand wa-
shing after handling SW, place of disposal of feces,
cleaning frequency of the bathroom). The assess-
ment of the dimensions of environmental attitudes
and practices was performed under the vigesimal
system (0 to 20 points), considering in each item
different categories in accordance with the current
regulations on environmental sanitation.

In addition, the study used secondary sources,
referring to information on the population and hou-
sing census (Instituto Nacional de Estadistica e In-
formatica, 2018), as well as diagnoses and evalua-
tion studies on pollution and eutrophication of the
Titicaca Lake basin carried out by the regional envi-
ronmental institutions.

2.5 Processing and statistical analysis

Data processing was performed with SPSS statisti-
cal software, as well as descriptive, inferential and
hypothesis testing analysis. The statistical test per-
formed was non-parametric through the probability
distribution of the chi-square to establish the co-
rrelation degree between environmental attitudes
(dimensional optics) and environmental behavior
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(three-dimensional optics) that possesses the popu-
lation of Puno, denoting that more than half of the
population possesses positive attitudes (62%), on
the contrary, environmental practices are inadequa-
te in most of the population (55.2%).

Chi square (Ritchey, 2002; Flores et al., 2017) was
used because it responds to the fact that the central
variables of the study, given their nominal or ordi-
nal nature, did not make possible to perform statis-
tical tests with a higher level of precision and depth.

3 Results

The urban population of Puno presents the follo-
wing basic features. Regarding the main occupa-
tion, half of the population (50,79 %) is made up of
independent workers and one out of four is em-
ployed; in four out of five heads of families their
income is less than 2000 thousand soles; while in
1 out of 10 their income is less than the minimum
living income (US $ 232), which means that these
families are within the belt of poverty or extreme
poverty. In relation to the level of education of the
heads of households, most completed higher edu-
cation (64.92%) and to a lesser extent secondary
education (29.84 %). The majority (69.90 %) own the
houses, and a smaller proportion rent it (28.80 %),
which could imply a greater neighborhood iden-
tity and sense of belonging to the area they inhabit,
which could condition their attitudes and environ-
mental practices regarding the pollution of Titicaca
Lake.

In this context, the assessment of environmental
attitudes and practices of the population of Puno
focuses on the reality, conditioned both by the eco-
nomic, social and cultural context, as well as by
the level and degree of effectiveness of the regional
environmental institutionality to promote an en-
vironmental education program that contributes to
the construction of an environmental and ecological
awareness of social actors in a sustainable perspec-
tive (Figure 1).

At the structural level, the proposed concep-
tual model establishes as fundamental components
environmental conceptual knowledge (ECK) and
environmental ecological awareness (EEA). At the
functional level, the model considers a process of
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articulation (relationship, entanglement, coexisten-
ce and dependence), which can be of concordance
and/or discordance, of environmental conceptual
knowledge that will have its correlation and expres-
sion in environmental attitudes (EA) and environ-
mental and ecological awareness that is expressed
in the environmental practices (EP) of social and
institutional actors.

In this context, the characterization of attitudes
(positive or negative) and environmental practices
(adequate or inadequate) of the urban population of
Puno, is carried out considering the following axes
and dimensions of analysis. In the assessment of en-
vironmental attitudes, the expressions about pollu-
tion factors in the house, sources of pollution of Ti-
ticaca Lake and effects of pollution of Titicaca Lake
on human health are considered. The assessment of
environmental practices is related to environmen-
tal management in the home, access to water servi-
ces in the home, and the health and hygiene con-
ditions of the family in the home. The assessment
of the relationships of pro-environmental attitudes
and practices is established through the nonpara-
metric chi-square statistical test.

3.1 Environmental Attitudes of the Urban
Population of Puno

In general terms, the environmental attitudes of the
population indicates that most of the heads of hou-
seholds have positive attitudes according to dimen-
sions (factors of pollution in the house, sources of
pollution of the Titicaca Lake and effects on human
health) and categories of analysis (Figure 2):

» The positive attitudes of the population to-
wards the factors of pollution in the house,
indicates the prioritization of water quality
(93.2%) and garbage collection (88.5 %), being
lower in the other categories of analysis.

* Attitudes towards sources of pollution in
the bay are differentiated, emphasizing the
negative effect of the collapse of oxida-
tion ponds (84.3%) and wastewater (77.5%),
which allows questioning the management of
the municipal government; while the effect
of poor solid waste management is smaller
(56.8%), expressing the co-responsibility that
families and the municipal government have
in the final disposal of solid waste.
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* Attitudes regarding the effects of pollution on
human health emphasize the negative effect
on the incidence of neuro-psychic (69.9 %) and

Environmental

Environmental education (EE) — Context (ESCI)

digestive (66.4%) symptoms, with less or no
incidence in dermatological and ocular sym-
ptoms.
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Figure 1. Model of relationships between attitudes and pro-environmental practices
Source: Own elaboration (2020)

On the other hand, the environmental attitudes of
the population of Puno, considering the variables
degree of education and gender of the heads of fa-
milies, present several trends (Table 1):

* Pollution factors in housing, considering the
level of education, denotes positive attitudes
of the primary level that prioritizes the quality
of water (100 %) and garbage collection (95 %),
being lower in the population of the secon-
dary and higher level. Gender shows a similar
trend in the prioritization of pollution factors,
but with a higher positive attitude in women
(94.7 %) compared to men (91 %).

* Regarding sources of pollution of Titicaca La-
ke, the highest proportion of positive attitudes
is present in the population of primary level
that emphasize the negative effect of the co-
llapse of the oxidation pond (100%) and to a
lesser extent wastewater (85 %); on these same
factors, in the gender situation, men (86.5%
and 82.4%) to a greater extent emphasize the
negative effect.

* On the negative effects on human health of
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the factors and sources of pollution of the bay,
the perception of the population is emphasi-
zed in the neuro-psychic and digestive sym-
ptoms, where the positive attitude is higher in
the level of higher education (4 of 5 people)
and of the males regarding the females.

Consequently, the study shows that the attitudes of
most of the population (62 %) are positive, but dif-
ferentiated, given that in factors of contamination
in the house predominates the quality of the water
(93.2%) and garbage collection (88.5%); in sources
of contamination of the bay of Titicaca Lake stand
out the negative effect of the collapse of the oxi-
dation ponds (84.3 %) and wastewater (77.5%) and
the effects on human health especially in the neuro-
psychic (69.9%) and digestive symptoms (66.4 %).
Therefore, improvement of the population’s pro-
environmental concern is conditioned by the pre-
ventive action of the local and regional government
not only to reduce the factors and sources of pollu-
tion with clean technologies, but also to implement
mechanisms of participation, strengthening the sen-
se of co-responsibility in civil society organizations.
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Figure 2. Positive environmental attitude of the urban population of Puno by dimensions and categories of analysis

3.2 Environmental practices of the urban
population of Puno

The characterization of the environmental behavior
of the population is carried out considering the di-
mensions of environmental management of the fa-
mily in the house, the access to water in the house
and conditions of health and hygiene.

3.2.1 Family environmental management at home

In general, the environmental practices of the family
at home are related to the type of container for sto-
ring solid waste (SW), place in the house where SW
are deposited, frequency of disposal of SW, final dis-
position of SW and frequency of hand washing after
handling SW, all presenting different features (Figu-
re 3):

* The containers for storing SW used by most
families in the house indicates the predomi-
nance of the use of polyethylene bags (66.5 %)

On the other hand, the environmental practice of
the population on solid waste disposal according to
the level of education and gender presents the follo-
wing characteristics (Table 2):

* Regarding the use of containers for solid
waste storage according to the level of edu-
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and to a lesser extent waterproof containers
with lid (26.4%).

* The temporary storage of urban solid waste
denotes that the tendency to store in the court-
yard of the house is dominant (77.23 %), ha-
ving the kitchen less significance (5.49 %).

* Most families take out the solid waste from
their houses on an interdaily basis (58.9%)
and to a lesser extent daily (12.83 %), showing
a problematic situation, i.e., 1/3 of the popu-
lation take out their waste weekly.

* As for the final disposal of solid waste as an
intermediate process or temporary storage, it
indicates that most families (88.74 %) do it in
the container directly or the collective depo-
sit outside the house, considered these appro-
priate practices. A similar trend is observed in
the practice of hand washing frequency.

cation, it shows that polyethylene bags are
mainly used, especially those with primary le-
vel (100 %), while according to gender the pro-
portion is 2/3 due to the predominance of the
use of polyethylene bags between men and
women, a practice considered as adequate.
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Figure 3. Population environmental practice on solid waste disposal by dimensions and categories of analysis

Relative homogeneity in the population by
educational level and gender is presented,
with respect to the courtyard of the house
where they store solid waste, thus avoiding
the proliferation of animals and odor in the
house.

The periodicity of solid waste disposal in
about half of the families of the different le-
vels of education and gender is every other
day, which is conditioned by the recurrence of
the collecting units of the municipal govern-
ment.

The final disposal of solid waste that fami-
lies carry out mainly in the collective deposit
outside the house and complementarily in the
container directly, are good practices both in
families of the various levels of education and
gender.

level of access and home distribution of water, ins-
talled and operational hygienic services (Figure 4):

* The main source of water supply in the po-
pulation’s housing units is through a public
network (94.77 per cent), while less than 5 per
cent of housing units, located mainly in urban
slums, are provided by a well or a public pool.

98 % of the population has access to and distri-
bution of safe water at home, of which 65.97 %
have access per hour per day, while only 1/3
of the houses have permanent water.

* The situation of home hygiene services in ge-
neral in more than 97 per cent of the popula-
tion is in a condition of installed and operatio-
nal.

The conditions of access to safe water services
show different characteristics considering the level
of education and gender (Table 3):

Handwashing after handling solid waste is
adequate, since more than 80% of heads of
household always perform it, both those of se-
condary and higher education, being similar

in gender. * The source of water supply in the popula-

tion’s dwellings indicates that although it is
predominant (more than 90 %) access through
public network is relatively greater in dwe-
llings of family heads of higher education and
in women.

3.2.2 Access to safe water services in the home

The conditions of access to safe water services are
noted in the source of water supply in the house,
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* The main form of household access and dis-
tribution of safe water in both educational le-
vel and gender is permanently or in hours per
day, which will have a positive effect on the
health and hygiene of family members.

* Hygienic services of families, predominantly
(9 out of 10) are installed and operational,
being relatively higher in heads of families of

94.7
100

secondary and higher education and in wo-
men, affecting the preservation of good health
of family members.

Consequently, an important aspect of access to ba-
sic family services is related to the coverage of the
service provided by the Environmental Sanitation
Company of Puno.
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Figure 4. Conditions of access to water services in housing by size and analysis categories

3.2.3 Sanitation and hygiene practices of the popu-
lation

Sanitation and hygiene conditions of family mem-
bers are related to the way of storing water at ho-
me, actions to disinfect drinking water in the home,
container where drinking water is stored, place of
disposal of feces and frequency of cleaning the bath-
room (Figure 5):

* The form of water storage in households
is varied and diversified: on the one hand,
about half of families deposit water pro-
perly in polyethylene tanks (44.2 %) or cement
tanks (5.0%); while more than half store in
inadequate containers, such as plastic buckets
(18.8%), buckets (24.6 %) or cylinders (7.3 %).

* As for the practice of disinfecting drinking
water, most families (81.7 %) boil it and only
less than 1/6 of families boil it, disinfect and
filter it.
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* The practice of most urban families (91.1%)
is that the container where drinking water is
stored is kept blocked, while only nine out of
every hundred families do not.

* In this context, good practice is widespread,
mainly in home hygiene services (96.6 %).

* The frequency of cleaning the bathroom is
adequate in most families (68.3%), although
it is most often done every other day (38.2%)
and daily (30.1%), which is considered an
ideal environmental practice. The frequency
of cleaning of the bathroom indicates that fa-
milies make it proportionally between daily,
interdaily and weekly. The latter being an
inadequate practice, due to the risks to the
proliferation of infectious foci within the hou-
se.

The health and hygiene practices of the urban po-
pulation of Puno according to educational level and
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gender presents the following characteristics (Table
4):

* The form of home water storage according to
the level of education indicates that most of
the upper level (52%) and men (48.2%) have
good practices because they use the polyethy-
lene tank as a form of water storage.

¢ The sanitary practice of boiling drinking wa-
ter characterizes most families at different le-
vels of education, as well as men and women.

* More than 90 per cent of household feces are
disposed of in the bathrooms of their homes,
both at the level of education and gender. On
the contrary, there is a small proportion who
dispose their feces in the open air (1.3 %) or in
Titicaca Lake (1.8%), which is a practice that
threatens the environment and human health.

* Regarding the frequency of cleaning of the
bathroom, it is acceptable in most families of
the various levels of education and gender si-
tuation, as they are performed daily or inter-
daily, having a positive impact on the preser-
vation of the health and hygiene of the family.

Consequently, the study based on environmental
regulations, shows that only 44.8% of the popula-
tion performs adequate environmental practices in
terms of disposal of urban solid waste, 64.1% in
conditions of availability and access to water ser-
vices and 62.2% in health and hygiene practices at
home, showing the precariousness of the environ-
mental awareness of the population, limited cove-
rage and precariousness of environmental actions
of the local and regional government. The sustai-
ned improvement of the pro-environmental beha-
vior of the population demands the implementation
of a new public policy of environmental education
under the joint responsibility of the regional envi-
ronmental institutions, the educational sector, and
the academy.

3.3 Relationship between environmental
attitudes and practices of the urban po-
pulation of Puno

The relationship between environmental attitudes
and practices of the urban population of Puno on
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environmental management of the family at home,
access to water services and sanitation and hygie-
ne conditions at home, is established to two dimen-
sions:

* At a general level, due to a significance de-
gree calculated from the chi-square test equal
to 0.000, lower than the alpha significance le-
vel of 0.05 (5%). The study reveals the statisti-
cal evidence of the association and direction
of a linear relationship between both analy-
tical categories, but proportionally shows re-
lative difference between them, since most of
the population (62%) has a positive attitude,
contrary, most of the population (55.2%) has
inadequate environmental practices, showing
a difference of 18 percentage points between
them (Table 5).

* At the specific level, the following references
are made by establishing the relationship bet-
ween attitudes and the variables of the dimen-
sions of the practices. In the variables of fa-
mily practices at home and access to water
services at home, according to statistical evi-
dence (chi-square test), the study shows that
there is no level of correlation; on the other
hand, with the dimension of health and hy-
giene conditions of the family at home, the co-
rrelation level only presents with the variables
of the form of storage of water at home and
the disinfection of drinking water. The corre-
lation level between environmental attitudes
and practices also presents if the variables of
spatial location of housing in the environment
of Titicaca Lake, occupation and educational
level are considered, but not with the variable
gender situation.

Consequently, regarding the relationship between
environmental attitudes and practices, the study
shows that positive attitudes in most of the popula-
tion do not necessarily translate into adequate envi-
ronmental behaviors, a situation that questions the
precariousness of the environmental consciousness
of the population and the action of local and regio-
nal environmental institutions.
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Figure 5. Sanitation and hygiene practices of the urban population of Puno by dimensions and categories of analysis

4 Discussion y Conclusions

The results of the study based on environmental re-
gulations referred to the regulation of institutional
and individual actions in the matter, valuation cri-
teria and statistical evidence, allow concluding that
the environmental attitudes of most of the popula-
tion are positive, especially in terms of recognition
of the factors of pollution at home, sources of po-
llution of the Titicaca Lake and negative effects on
human health; conversely, the pro-environmental
practices are inadequate, mainly in terms of envi-
ronmental management at home and health and hy-
giene practices at home; thus indicating the exis-
tence of a relative discordance between the pro-
environmental attitudes and the dimensions of the
pro-environmental practices of the urban popula-
tion of Puno, which is conditioned by the level of
education and gender established by the units of
analysis.

4.1 Environmental Concerns

The study, based on current environmental regula-
tions, indicates that most of the urban population (6
out of 10 inhabitants) have a positive assessment of
pollution factors at home and pollution sources at
the Titicaca Lake and its correlation in effects on hu-
man health, showing the sense of co-responsibility
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of the population and the local government.

These results are relatively consistent with the
findings of Estrada et al. (2021) where higher edu-
cation students from Madre de Dios-Peru show
moderate environmental concern associated with
sociodemographic variables (gender, age, and edu-
cational level). In Mexico, Cantt (2020) shows that
despite the similarities between gender, women ha-
ve more environmental awareness than men; while
Pérez-Franco et al. (2018) find a moderately positi-
ve attitude towards the environment in high school
students from Murcia, with gender differences; or
the hope of improvement in the future as the ROSE
project points out (Vadzquez and Manassero, 2008).

Conversely, Vargas et al. (2019) say that the le-
vel of environmental attitudes of 69% of Mexican
university students is unacceptable, being worse
in areas related to safety, health and environment.
Andrade Salazar and Gonzales Portillo (2019) show
that the precariousness of environmental know-
ledge hinders the formation of attitude and robust
environmental awareness; whereas Moreno et al.
(2019) refer that the environmental is not a priority
for university students of Buenos Aires and Parand,
but the socioeconomic emergencies. This situation
shows that environmental attitudes have a complex
and contradictory nature, reason for which favora-
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ble behaviors are gradually decreasing during the
last two decades in the 33 European countries stu-
died, without finding an objective reason for such
reduction (Franzen and Vogl, 2013).

Likewise, it is argued that the analysis of
human-nature relationships in different cultu-
ral contexts cannot be approached from a one-
dimensional perspective, as has been implied by
traditional measures of environmental attitudes
and concern for the environment (Amérigo et al.,
2012) rather, it presents evidence of the need to con-
sider multidimensional approaches, such as Thom-
pson and Barton (1994) which measures the en-
vironmental orientation of behavior and Schultz
(2001) which establishes the assessment of the im-
pact of the environment on different objects.

4.2 Pro-environmental behaviors

The study concludes that about half of the urban
population has inadequate environmental practi-
ces regarding environmental management at ho-
me, access to water services and sanitation and
hygiene practices at home, denoting not only the
precariousness of the environmental awareness of
the population, but also the limited coverage and
ineffectiveness of environmental promotion actions
implemented by the local government and regional
environmental institutionalism.

On pro-environmental behavior, Sandoval et al.
(2019) in Colombia show that university students
have positive environmental beliefs and attitudes
in most of the dimensions, while Vilca et al. (2021)
say that university students from Juliaca-Peru ha-
ve two emerging behavioral structures that descri-
be the pro-environmental behavior of avoidant ac-
tions (reducing waste, saving energy and water) or
beneficial (recycling, reuse and segregation). On the
other hand, Herndndez et al. (2001) identify incon-
sistencies in the actions of the staff of protected wild
area of Costa Rica, since they prefer to purchase dis-
posable and packaged products and use paper only
on one side, but they express a behavior favorable
to saving water and energy, as well as the separa-
tion of plastic, aluminum and paper. Faced with this
situation or dual behavior, Berenguer and Corraliza
(2000) argue that there is no single model for predic-
ting environmental behavior, and that people have
trouble acting on behalf of the environment despi-
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te recognizing the severity of the problems (Moreno
et al., 2005).

4.3 Relationship between environmental
concerns and behaviors

The results of the study show that positive en-
vironmental concerns are not correlated towards
adequate environmental behaviors, denoting not
only the precariousness of the environmental awa-
reness of the population, but also the sense of co-
responsibility of limited coverage and ineffective-
ness of environmental promotion actions imple-
mented by the local government and regional envi-
ronmental institutionalism.

This situation is corroborated by Rivera-Jacinto
and Rodriguez-Ulloa (2009) who show that uni-
versity students in the north of the country, even
though they have positive environmental attitudes,
do not necessarily have adequate environmental
behaviors. While Bernedo Berrios and Cazorla Gal-
dos (2020), in a study conducted in Tacna-Peru,
shows that there is a direct and significant rela-
tionship (Spearman’s Rho=0.614 and p=0.000) bet-
ween environmental concern and ecological beha-
vior of students. Similarly, (Sudrez et al., 2007) in
Mexico point out the existence of a significant re-
lationship between environmental attitudes and
motivation to act pro-environmentally; Favara and
Moreno (2020) argue that older adults with higher
emotional affinity (emotional relationship with na-
ture) and more connection (interest in nature to
know and be in contact with it) are more likely to
engage in pro-environmental behaviors. However,
Alvarez and Vega (2009) say that environmental at-
titudes and behaviors have very low correlations,
although attitudes have a great influence on beha-
vior if other factors do not prevent it from materia-
lizing.

In Spain, Amérigo et al. (2012); Amérigo and
Garcia (2014) in the analysis of the relationship bet-
ween environmental attitudes and behaviors, found
predictors of pro-environmental behavior, as well as
Murga (2008); Vazquez and Manassero (2009) who
argue that the environmental attitudes of young
people are positive, but with some pessimistic as-
pect, since the willingness to act in favor of the en-
vironment (ecological behavior) is low in relation to
the concern shown. In addition, (Palavecinos et al.,
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2016) argue that the structure of environmental atti-
tudes and concern among students from Chile and
Spain are similar, with the same dimensions and ty-
pes of behavior, as well as in the human behavior of
young people who have a higher priority because
attitudes are easy to modify or adapt (Pérez-Franco
et al., 2018).

For the sustainable improvement of environ-
mental attitudes and behaviors of social and ins-
titutional actors, it is necessary to design a new
public policy for capacity-building in environmen-
tal and ecological education, whose implementa-
tion, under the leadership of local and regional
environmental institutions, incorporates the effec-
tive participation of civil society based on a sys-
tem of incentives. Hence, it is essential to consi-
der the proposals made in the Latin American con-
text: the edu-communication for sustainable deve-
lopment (Rendén et al., 2018); the photographic
record (Perdomo Bdez et al.,, 2018); the game or
board games (Sanabria et al., 2017); environmen-
tal education with an integrative and interdiscipli-
nary approach (Paula et al., 2019; Alvarez and Ve-
ga, 2009); educating with ethics and environmen-
tal values (de Castro et al.,, 2009). On the other
hand, in the face of the increasing pollution pro-
cess of Titicaca Lake due to the poor management
of RSU and wastewater and the collapse of oxida-
tion ponds and their effects on human health and
the environment, it is important to consider the ac-
tions and proposals that are being carried out: the
strategy of recycling before discarding (Aliaga Or-
tega, 2017); solid waste management actions (Ola-
guez et al., 2019); the participatory-action-research
strategy (Rodriguez et al., 2018); co-responsibility of
civil society organizations at some stages of the MR-
SU (De Cérmen et al., 2019). In short, these propo-
sals, strategies or methodological frameworks, sub-
jected to a critical analysis must be validated in
accordance with the Andean socio-cultural context
and the Puno plateau.
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Appendix

Table 1. Positive environmental attitude of the urban population of Puno by dimensions and categories of analysis and according

to level of education and gender

Positive attitude

Dimension Variable Degree of education Gender
Total
(%) (%)
N° % Prim Sec Sup Male Female
Water quality 356 932 950 939 927 917 94.7
Pollution Garbage collection 338 885 1000 900 86.7 86.0 91.0
factors at Unpaved streets 213 558 650 526 565 570 54.5
home Home animal 266 69.6 550 649 73.0 663 73.0
Sewer obstruction 264 69.1 750 596 730 679 70.4
Wastewater 296 775 850 684 81.0 824 72.5
Sources of
pollution of  Solid waste 217 568 750 456 605 60.1 53.4
Titicaca lake = 4. tion lag collapse 322 843 1000 825 839 865  82.0
Neuro-psychological 267 69.9 600 535 782 746  65.1
Effects of symptoms
pollution on  Digestive symptoms 253 664 500 51.8 745 698 63.0
human health Dermatological symptoms 144 37.7 5.0 175 49.6 43.0 323
Ocular symptoms 138 36.1 10.0 193 46.0 409 31.2

Source: Socio-environmental survey, Puno, 2018.

Table 2. Population environmental practice on solid waste disposal by educational level and gender

Variable Category Total Instruction Grade Gender
N° %  Prim. Sec. Sup. Male Female
_ Waterproof container 5 64 00 254 290 254 275

Type of container  with lid

for storing RSU Polyethylene Bags 254 66.5 100.0 693 625 66.8 66.1
Other type of container 27 7.1 0.0 53 8.5 7.8 6.3
Place in dwelling Ya}rd 295 772 80.0 754 774 782 75.7
where SW is stored Kitchen 21 55 100 6.1 4.8 3.1 7.9
Other 66 173 100 184 17.7 187 16.4
Frequency of SW Daily ' 49 128 10.0 123 137 155 10.6
disposal Interdaily 225 589 50.0 588 593 528 64.6
Weekly 108 28.3 40.0 289 270 31.6 24.9
Directly on the container 177 46.3 35.0 404 496 45.6 46.6
Final disposition of  Outside the house 162 424 50.0 535 371 399 45.5
SW In front of the house 21 5.5 10.0 44 5.6 6.7 4.2
Other 22 58 50 1.8 7.7 7.8 3.7
Frequency of hand  Always 312 81.7 60.0 825 83.1 80.8 82.5
washing after Sometimes 69 18.1 350 175 169 187 17.5
handling RS Hardly ever 1 02 50 0.0 0.0 0.5 0.0

Source: Socio-environmental survey, Puno, 2018.
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Table 3. Conditions of access to water services in housing by educational level and gender

Variable Category Total Instruction Grade Gender
N° % Prim. Sec. Sup. Male Female
Source of water Public Network 362 94.7 90.0 93.0 960 927 96.8
supply in the Welli 14 3.7 100 44 2.8 4.7 2.6
house Public pool 4 1.1 0.0 1.8 0.8 2.1 0.0
Other 2 05 0.0 09 0.4 0.5 0.5
Access and home No access 8 2.1 30.0 289 339 332 31.2
distribution of Permanent 122 31.9 65.0 693 64.1 62.7 68.8
water For hours aday 252 66.0 5.0 1.8 20 419 0.0
Serve installed Installed 371 97.1 950 974 972 959 98.4
and operative Operational 374 979 95.0 98.0 98.0 964 99.5

Source: Socio-environmental survey, Puno, 2018.

Table 4. Health and hygiene practices of the urban population of Puno according to educational level and gender

Total Degree of education Gender

Variable Category (%) (%)
N° % Prim Sec Sup. Male Female
Polyethylene tank 169 442 100 333 520 482 40.2
Home Water Ceme;nt Tank 19 5.0 5.0 1.8 6,5 3.6 6.3
Storage Form Plastic cubes 72 18.8 350 31.6 117 212 16.4
Cylinders 280 73 100 53 8.1 7.3 7.4
Buckets 94 24,6 40.0 28.1 21.8 19.7 29.6
Drinking water ~ Boil, disinfect and filter 55 144 0.0 838 18.1 18.1 10.6
disinfection at Just boil 312 81.7 950 904 76.6 76.7 86.8
home Just disinfect 15 3.9 50 09 5.2 5.2 2.6
Protectionof  YES 348 91.1 950 912 907 927 89.4

drinking water

storage container NO 34 89 50 88 9.3 7.3 10.6
Bathrooms of the house 369 96.6 90.0 982 99.6 984 98.9
Stool passage Public bathroom 1 0.3 0.0 0.0 0.4 0.5 0.0
site Outdoors 3 0.8 5.0 0.0 0.0 0.5 0.0
Titicaca Lake 9 24 5.0 1.8 0.0 0.5 1.1
Bathroom Daily . 115 30.1 50 193 37.1 32.6 27.5
cleaning Interdaily 146 382 500 553 294 363 40.2
frecuency Weekly 118 309 400 254 327 295 32.3
Other 3 08 50 00 0.8 1.6 0.0

Source: Socio-environmental survey, Puno, 2018.
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Table 5. Assessment of environmental attitudes and practices of the population (frequency distribution and correlation analysis).

Frequency distribution

. Percent Cumulative
Valuation Frequency Percentage valid Percent

Positive 237 62.0 62.0 62.0

ATTITUDES Negative 145 38.0 38.0 100.0

Adequate 171 44.8 44.8 44.8

PRACTICES Inadequate 211 55.2 55.2 100.0

Total 382 100.0 100.0
Dimensions and variables of analysis of the environmental practices of the population
Independent Variables Value GL As;;r;_;;;gft;)&g Question
Family Environmental Practices at Home [PAF]
SW Storage Vessel Type 5.573 2 0.062 23
Place of trash storage 3.377 2 0.185 24
Periodicity of solid waste disposal 3.390 2 0.213 25
Final disposal of solid waste 1.183 3 0.757 26
Frequency washing hands after handling SW 2.351 2 0.309 28
Conditions of access to water services [ASH]
Source of water supply at home 2.111 3 0.550 29
Degree of access and distribution of safe water ~ 3.899 2 0.142 33
Installation of hygienic services at home 0.549 1 0.459 34
Operating Hygienic Services at home 0.583 1 0.445 35
Home Health and Hygiene Practices [PSH]
Form of water storage at home 20.635 4 0.000 30
Disinfection actions of drinking water at home  29.257 2 0.000 31
Lid storage containers of drinking water 1.158 1 0.282 32
Stool passage site 2.274 3 0.518 27
Cleaning frequency of the bathroom 11.565 3 0.009 36
Location and socioeconomic status

Spatial location of the dwelling 89.869 3 0.000 38
Economic Status (Occupation) 52.562 5 0.000 7
Social status (Educational level) 44536 2 0.000 5
Gender 5.637 1 0.018 4

Source: Socioenvironmental Survey, Puno 2018.
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Abstract

Ecuador is a small Andean country located in the western hemisphere of South America. The country has 361, 747hm?
annual superficial water resources; As a result, Ecuador, in the last fifteen years (2005 to 2020), has been rapidly de-
veloping hydropower projects to triple the production in this renewable source. There were eight new hydroelectric
plants constructed in Ecuador among 2007 and 2015 invested close to USD 6 billion the projects. Increased the energy
response with renewables; for example, in 1985, the country produced 4 TWh, in 2005-registered 7 TWh, and to 2020,
24 TWh. According to the Electricity Corporation of Ecuador in 2020 reported that generated around 80 % of all elec-
tricity through hydropower; thus, the article aims to critically analyze the development of hydropower in Ecuador
in recent years and establish general energy projections to 2030 to expand the fields of knowledge and perspectives.
The paper methodology is quantitative, according to scientific editorial sources, articles, investigative documents,
and collects data from government agencies that regulate energy development in Ecuador. It is conclusive between a
projection’s calculation, Ecuador will need for the year 2030 around 43 TWh, 47 TWh, or 52 TWh to supply the energy
grid, according to the scenarios proposed (low, medium, high). Although hydropower will be essential to contribute
to this requirement, the country has a barrier because hydropower is very sensitive to external factors of diverse na-
ture, generating an uncertainly future directly associated with climatic effects.

Keywords: Ecuador, renewable energies, hydropower development, perspective, projections.
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Resumen

Ecuador es un pequefio pais andino ubicado en el hemisferio occidental de América del Sur. El pais cuenta con 361.747
hm? anuales de recursos hidricos superficiales. Como resultado, Ecuador, en los tltimos quince afios (2005 a 2020), ha
estado desarrollando proyectos hidroeléctricos para triplicar la produccién en esta fuente renovable. Hubo ocho nue-
vas centrales hidroeléctricas construidas en Ecuador entre 2007 y 2015, en donde se invirtieron cerca de USD 6 mil
millones en los proyectos, lo que incremento la respuesta energética con renovables; por ejemplo, en 1985 el pais pro-
dujo 4 TWh, en 2005 registré 7 TWh y hasta 2020, 24 TWh. Segtin la Corporacion de Electricidad del Ecuador en 2020
informé que generd alrededor del 80 % de toda la electricidad a través de hidroelectricidad. Asi, el articulo tiene como
objetivo analizar criticamente el desarrollo de la energfa hidroeléctrica en Ecuador en los tltimos afios y establecer
proyecciones energéticas generales al 2030 para ampliar los campos de conocimiento y perspectivas. La metodologia
del trabajo es cuantitativa, de acuerdo con fuentes editoriales cientificas, articulos, documentos de investigacién, y
recolecta datos de agencias gubernamentales que regulan el desarrollo energético en Ecuador. Se concluye que, me-
diante un célculo de proyecciones, Ecuador necesitara para el afio 2030 alrededor de 43 TWh, 47 TWh o 52 TWh para
abastecer la red energética, segiin los escenarios propuestos (bajo, medio, alto). Si bien la energia hidroeléctrica serd
fundamental para contribuir a este requerimiento, el pais tiene una barrera porque la energia hidroeléctrica es muy
sensible a factores externos de diversa indole, generando un futuro incierto directamente asociado a los efectos clima-
ticos.

Palabras clave: Ecuador, energias renovables, desarrollo hidroeléctrico, perspectiva, proyecciones.
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1 Introduction

Ecuador is a small Andean country located in the
western hemisphere, northwest of South Ameri-
ca, composed of three main regions: Coast, Sie-
rra, and Amazon (Ministerio de Medio Ambien-
te, Agua y Transicién ecolégica, 2019). The country
characterizes by a unique topography, climatic zo-
nes diversity, and a prolific population of animal
species. According to the Ecuadorian Ministry of
the Environment and Water (MAATE, acronym na-
med in Spanish), biological wealth is reflected in
a wide array of organisms, and 10% of species of
vascular projects in the biosphere are found in a
zone that barely represents 2% of the global sur-
face (Guilcatoma-Aimacana, 2010; Mena-Vasconez,
2018). The country has 376.018 im? of annual wa-
ter resources, of which 361.747 hm?® are superficial
while the rest are underground (Hasan and Wyseu-
re, 2018). In addition, the yearly average volume
for the regions of the country, Coast, Sierra, and
Amazon is 70.046 hm*, 59.725 hm*, and 246.246 hm?,
respectively (CISPDR and SENAGUA, 2016).

Moreover, with the availability of surface wa-
ter resources, Ecuador has been rapidly developing
hydropower projects to triple the production in the
last fifteen years (2005 to 2020), as indicated in Fi-
gure 5. In 1985 the country produced 4 TWh, and
in 2005 it registered 7 TWh, and in 2020 24 TWh of
hydropower. The Electricity Corporation of Ecua-
dor (CELEC, acronym named in Spanish) in 2020
reported that the country generated around 80 % of
all energy through hydropower, so hydropower is
a crucial source to meet the national demand (CE-
LEC, 2020). On the other hand, there were eight
new hydroelectric plants constructed in Ecuador
among 2007 and 2015 invested close to USD 6 bi-
llion, doubling their capacity (Vaca-Jiménez et al,,
2020). In 2017 it was inaugurated the Coca Codo
Sinclair as the largest project with 1,500 MW capa-
city, which supplies 30 % of energy nowadays in the
country with all the generating turbines (Alvarez-
Chiriboga, 2020; Hidalgo et al., 2024).

In addition, the International Renewable Energy
Agency (IRENA) determines that the average evo-
lution of installed capacity in the five years between
2016 and 2020 was 1.8% (IRENA, 2020). However,

66

However, Ecuador is very sensitive to external
factors of diverse nature such as floods, tsunamis,
earthquakes, and extreme rains due to atmosphe-
ric components, geographical location, rugged oro-
graphy, and prevailing meteorological characteris-
tics that can cause severe impacts on the economy
(Naranjo Silva et al., 2021; Purcell and Martinez,
2018). Nevertheless, climate change intensifies na-
tural meteorological variability, affecting the hydro-
power installations (Alvarez-Chiriboga, 2020). At
the end of the 80s, the analytical development para-
digm inserted concerns about the environment and
extended the interest in growth policies based on
the quality and management of renewable sources
(Tang et al., 2018). But the effects of these renewable
sources are not too quantified and verified, genera-
ting a new significant problem to analyze (Jin et al.,
2016).

Under this background, this article aims to cri-
tically analyze the hydropower development in
Ecuador in recent years and establish the general
energy projections up to 2030 to expand the fields
of knowledge and discern the perspective of this re-
newable source carried out quickly in a developing
country.

2 Hydropower in the world

According to the International Hydropower Asso-
ciation (IHA), the worldwide hydropower capacity
was 1,330 GW in 2020 (International Hydropower
Association, 2021). In addition, this renewable sour-
ce in 2020 reported around 14,000 active projects
in 180 countries (ICOLD, 2019; Llamosas and So-
vacool, 2021). Furthermore, the report of IHA men-
tions that there was an increase of 21 GW in the
total hydropower installed capacity in 2020, increa-
sing 1.6% compared to 2019 (International Hydro-
power Association, 2021). Consistent with Killingt-
veit (2018), the hydropower development is expec-
ted to increase. Figure 1 establishes the average
percentage growth tendency from 2007 to 2016 at
around 3 %.

globally, a 2017 calculation estimated that only 22 %
of the hydropower potential and 4.2 % of the remai-
ning renewable energies are currently used (Turner
et al., 2017). In addition, the potential for amplified

LA GRANIJA: Revista de Ciencias de la Vida 39(1) 2024:64-79.

©2024, Universidad Politécnica Salesiana, Ecuador.



A hydropower development perspective in Ecuador: Past, present, and future

4500
4000
3500
3000
2500
2000
1500
1000
500 \/
-

2007 2008 2009 2010 2011

= |

ENERGY TWH

V

1 Energy (TWh)

8%
7%
6%
5%
/N 4%

\ / ,\ / 3%
2%
1%

PERCENTAGE VARIATION (%)

V

2012 2013 2014 2015 2016

0%

Increase (%)

Figure 1. Global hydropower growth TWh period 2007- 2016.
Source: International Renewable Energy Agency (2020); Killingtveit (2018).

hydropower production is significant to meet an ac-
tual long-term deployment calculated at more than
8 000 TWh by 2050 (Schaefli, 2015).

With the global background, hydropower can
be defined as a mature technology and the most
widely used among renewables, although globally
the share has slowly declined (Naranjo Silva and
Alvarez, 2021). The global hydropower share fell
from 72% in 2010 (881 GW) to 41 % in 2020 (1,153
GW), excluding pumped-type hydropower despi-
te the increase in installed capacity (IRENA, 2021).
Currently, hydropower is substantial in most Latin
American, Asian countries and Europe, but there
are significant risks due to persistent inflows and
water availability (Lu et al., 2020; Terdvdinen, 2019).

3 Methodology

Numerous references were generated worldwide
between protocols, manuals, and projections that
leader or mitigate the hydropower impacts; therefo-
re, in a world of technology and constant changes,
there are reflections and approaches to each issue
in a multi-diverse way. Therefore, the paper’s pro-
posed methodology is quantitative, evaluating the
installed development of hydropower projects in
Ecuador in recent years. In the quantitative part, si-
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mulations and projections are presented according
to scientific editorial sources, articles, and investi-
gative documents defined, looking for topics and
aspects such as the hydropower development of
Ecuador and energy policies. Thus, the valuable do-
cuments are listed based on issues that contribute
to this paper; the databases analyzed are detailed in
Table 1.

Table 1. Scientific editorial analyzed.

. . . e . Selected

Period Digital repositories articles
2016-2020 Science Direct 11
2016-2020 Springer 9
2016-2020 Taylor & Francis 8
Total 28

Three digital repositories were selected (Science
Direct, Springer and Taylor Francis) as they have
more information associated to hydropower energy
as the main topic of the present manuscript, and
additionally the useful data was covering a specific
period of time (2016-2020). After the first screening
of scientific data, 76 publications, including jour-
nal articles, conference papers, books, and online
reports were found. Due to the lack of quantitati-
ve contributions, many documents ended up being
omitted from the first search. As a final criterion,
articles future simulations, projections with rele-

67



Special Issue / Niimero Especial
SUSTAINABLE DEVELOPMENT

Naranjo-Silva, S.

vant indicators and policies recommendations were
selected. In addition, the search methodology uses
key phrases such as “hydroelectric development in
Ecuador”; “Hydropower projections in Ecuador”;
and “Ecuadorian energy policies”.

Throughout these documents, 28 selected pa-
pers are summarized, covering different applica-
tion areas in the Ecuadorian hydropower develop-
ment. Additional to know from direct sources data
of the main hydropower projects in Ecuador, the fo-
llowing government agencies were consulted.

* Ministry of Energy and Non-Renewable Na-
tural Resources of Ecuador (MERN, acronym
named in Spanish)

* Electricity Corporation of Ecuador (CELEC,
acronym named in Spanish)

The data were analyzed with scientific articles and
information from government agencies that regula-
te energy development in Ecuador, generating in-
dicators as annual energy consumption, per capi-
ta consumption ratio, and hydropower growth. On
the one hand, for analyzing the energy projection of
Ecuador, we took the base case of 2020, according to
the historical record of the Ministry of Energy and
Non-Renewable Resources, which grows at a per-
centage rate of 4.9%, and a quantitative percentage
point that increased to the global trend of the hy-
dropower expansion.

4 Results

To approach the topic, we divided the paper into
two significant issues the Ecuadorian hydropower
development of the recent years, and the country
projections.

4.1 Ecuadorian hydropower development
in recent years

Among 2007 and 2015, Ecuador invested USD 6 bi-
llion in eight hydroelectric plants, doubling their
capacity (Vaca-Jiménez et al., 2020); one of them
was Coca Codo Sinclair. Nowadays this project is
the principal in Ecuador, with 1,500 MW capacity,
which supplies 30% of the current energy in the
country since 2017 (Alvarez-Chiriboga, 2020). To
illustrate the hydropower development in Ecuador,
Figure 2 shows the principal basins and projects.
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As well, the IHA placed Ecuador third among
the globally countries, adding new capacity in 2016
(International Hydropower Association, 2018b).
Moreover, the Electricity Corporation of Ecuador
reported in 2020 that 80% of all energy is through
hydropower, as shown Figure 3 with the energy
grid trend of the country since 2010 (CELEC, 2020).

Figure 3 shows that there was an increase of
more than double in the hydropower production
in the last ten years. For example, in 2010, Ecuador
contributed to around 8,000 GWh, and 24,000 GWh
was supplied by 2020, which represented an increa-
se in the period of about 300%. In addition to this
hydropower rise, thermoelectric production was re-
duced by more than triple production in 2010, 9,000
GWh versus 2020 with 2,000 GWh (CELEC, 2020;
MERNNR, 2018).

Additionally, data from the annual statistics of
the British Petroleum Company in a global com-
parison per capita energy consumption for the year
2019 establishes that worldwide around 20,884 kWh
per capita is required. In contrast, 11,884 kWh per
capita in Ecuador is necessary; perhaps about 67 %
represents hydropower with 7,904 kWh per capita,
as indicated Figure 4 (BP p.l.c., 2020).

By way of comparison between renewable ener-
gies, the production since 1985 in Ecuador is detai-
led. According to Figure 5, a vast difference of the
hydropower deployment is shown over time, verif-
ying a slow and regular growth until the year 2000.
The development began to increase, then in 2008,
new projects were gradually incorporated, and fi-
nally, in 2017 there were around 20 TWh of hy-
dropower production compared to 4 TWh in 1985
(MERNNR, 2018; Ritchie and Roser, 2020).

Figure 5 shows the hydropower in Ecuador
supply increased from 4 TWh to 24 TWh in 35 years
(1985 to 2020); it also indicates that other renewa-
bles such as wind and solar have reduced growth,
with almost no relevance of contribution to the
energy grid. Hence, in recent years, this represen-
tative hydropower development of Ecuador is per-
tinent to analyzing the effects and external parame-
ters as the climate change. The country currently de-
pends on many hydropower projects, and this sour-
ce is sensitive to climatic variations (Zhong et al.,
2019).
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Figure 2. Main basins and hydropower projects in Ecuador.
Source: Carvajal et al. (2017).

According to the First Nationally Determined
Contribution of Ecuador (NDC) of the Ministry of
Environment and Water in 2019, an historical analy-
sis of precipitation and average temperature for the
1960- 2015 period determined essential variations;
the rains increased in the Coast 33%,; Sierra 13 %,
and in the Amazon 1% of rainfall was reduced. In
addition, there is an average temperature increase
of 0,8° throughout (Ministerio de Medio Ambiente,
Agua y Transicién ecoldgica, 2019). Accordingly, the
hydroelectricity depends on the availability of na-
tural resources such as precipitation, which plays a
fundamental role in the flow’s runoff and the natu-
ral water cycle (Bakken et al., 2017; Van Vliet et al.,
2016).

Additionally, it is necessary to mention that in
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Ecuador, being in the middle of the equatorial line,
there are differences in precipitation between the
north and south, where drought and hydropower
sub-production are registered respectively due to
its location, causing particularities to the time to
analyze its trend and climate projection (Ponce-Jara
etal., 2018).

Finally, before talking about the hydropower
projections in Ecuador, it is important to mention
that by 2021 there was 5,107 MW of hydropower
installed, also according to the Regional Energy In-
tegration Commission of South America, Ecuador
has a feasible hydroelectric capacity of 23,120 MW,
representing an installation of 22% so far of this re-
newable (Regional Energy Integration Commission
of South America, 2021).
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Figure 3. Ecuador energy production GWh / year.
Source: CELEC (2020).

4.2 Hydropower projections in Ecuador

According to the MERN of Ecuador in the Elec-
tricity Master Plan projected until 2027, 645 MW
would be incorporated with 14 projects that will
provide average annual energy of 3,491 GWh. Out
of the 14 projects under construction, 11 correspond
to hydropower projects with 407.5 MW, i.e., 63%
of the planning, two thermoelectric projects with a
capacity of 187 MW, and one wind power project
with a power of 50 MW, as indicated in Table 2.

Table 2 shows that hydropower development
will continue to be essential in Ecuador. In addi-
tion to the small and medium hydropower projects
exposed, the data shows public and private invest-
ment at 88% and 12 %, respectively. Nevertheless,
two large hydropower projects seek to continue the
hydro expansion strategy due to their capacity; the-
se are Santiago and Cardenillo, as shown in Table 3.

However, this two hydropower have no interest
due to the representative amounts of invest neces-
sary and their degree of progress only in studies;
they do not constitute plants with the certainty of
execution to include them in the current energy
expansion. However, with short-term projections,
the MERN of Ecuador must define these projects
as priorities and the State should put out tenders
to attract international funds, which can be partly
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constituted by carbon credits, since they are rene-
wable sources projects, which generally have 50
years of life.

Nevertheless, the projections, the population
growth, and consumption constantly require ad-
ditional electricity generation despite the current
hydropower facilities; the Ministry of Energy and
Non-Renewable Natural Resources data establishes
the trend of growing historical annual energy con-
sumption of Ecuador in 4.89 %. Therefore, it is ne-
cessary to think in the short and medium term
about continuing to implement renewable projects,
not only hydroelectric.

Under this background, at the researcher discre-
tion, three growth trends are projected until 2030
based on the real consumption of Ecuador in 2020
and taking the historical annual increase of 4.9 % of
the MERN. In addition, the researcher increased one
percentage point for the following two trends, in
the medium case 5.9 %, and high scenario 6.9% as a
conservative trend of energy needs for the country.
As shown in Table 4, Ecuador will need in 2030
around 43 TWh, 47 TWh, or 52 TWh of energy, ac-
cording to the scenarios proposed (low, medium,
high) respectively, which will require a wide rene-
wable and non-renewable development. As a refe-
rence, if more hydropower projects are implemen-
ted, they should use instruments such as the Hydro-
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power Sustainability Assessment Protocol (HSAP)
that contains concepts and suggestions for the coun-
tries that build these projects at a global level to ma-

B Coal M Oil M Gas M Nuclear M Hydropower B Wind

World

5,685 kWh

6,951 kWh

Ecuador 7,904 kWh
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nage sustainability criteria (International Hydropo-
wer Association, 2018a).

Solar M Other renewables

5,094 kWh 20,884 kWh

11,884 kWh

15,000 kWh 20,000 kWh

Figure 4. Consumption per capita primary energy by source 2019.
Source: (BP p.l.c., 2020).
Note: On the figure the term “o0il” represents fossil fuels destined to produce thermoelectricity.

On the other hand, comparing the tendencies,
according to an investigation of long-term role of
hydroelectric systems towards compliance with the
Nationally Determined Contribution of Ecuador,
hydropower generates impacts by using environ-
mental conditions, relating effects due to the water
accumulation as water quality change, deforesta-
tion, and sub climate variations. Under this analy-
sis Ecuador demonstrates uncertainty. The investi-
gation shows that the energy provided by hydro-
electricity would vary significantly between 53 %
to 81% by the year 2050, hence the Ecuadorian
NDC goal would be deprived of the distribution
of sizeable hydroelectricity structure. In addition,
the study projections show that if there is a 25%
decrease in hydropower availability, then accumu-
lated CO» emissions by the use of fossil fuels will
double (Carvajal et al., 2019; Guallpa et al., 2022).
Also, for long term, the simulations determine that
the impacts quantified for 2071-2100 has a wide ran-
ge of annual difference; hydropower production in
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Ecuador varies between - 55% and + 39% of the
historical average (Carvajal et al., 2017).

Furthermore, the Nationally Determined Con-
tributions based on hydropower are highly vul-
nerable to the appearance of a dry climate scena-
rio due to climatic variations in the Amazon area.
Moreover, given the pattern of seasonal rains in
Ecuador independent of the amount of hydropo-
wer installed, the NDC goal requires a diversified
portfolio and not essentially from renewable sour-
ces (Carvajal et al., 2019). For Ecuador, a more ro-
bust energy grid in the long term should make
emphasis on an adequate diversification of gene-
ration technologies with the sustenance of policies
to rise non-conventional renewables (solar, wind,
tidal, and geothermal) (Carvajal et al., 2017). The
Inter-American Development Bank determines that
in the future hydroelectricity is projected as a sour-
ce of support, enabling other renewables (Alarcon,
2019).

71



Special Issue / Niimero Especial

SUSTAINABLE DEVELOPMENT Naranjo-Silva, S.

Table 2. Energy projects in construction or planned in Ecuador.
Source: (Ministerio de Energia y Recursos No Renovables, 2019).

Capacity Average power

Project Type of investment Type [MW] [GWhyear] State
5 . Santo
Toachi Pilaton Public Hydropower 254.4 1120 .
Domingo
Machala Gas Public Thermoelectric 110 690 El Oro
Machala Gas Tercera Public Thermoelectric 77 510 El Oro
Minas de Huascachaca Public Wind 50 119 Loja
Quijos Public Hydropower 50 355 Napo
Piatua Private Hydropower 30 210.5 Pastaza
Sabanilla Private Hydropower 30 210.5 C%leil:;?é;e
Rio Verde Chico Private Hydropower 10 74.3 Tungurahua
Chalpi Grande Public Hydropower 7.59 36 Napo
Mazar - Dunas Public Hydropower 7.38 41.4 Canar
Mazar San Antonio Public Hydropower 7.19 44.9 Canar
San José de Minas Private Hydropower 5.95 48 Pichincha
Chorrillos Public Hydropower 4 232 Cﬁﬁﬁe
Ulba Private Hydropower 1.02 8.4 Tungurahua
Total 644.5 3490.6 -

Note: IRENA defines. Small projects < 300 MW of capacity, medium to 11 MW < 300 MW, and large up to

301 MW.

In addition, in an ecosystem assessment carried
out in Ecuador, Briones-Hidrovo et al. (2020) in a
study of five installed hydropower projects: Baba,
Marcel Laniado, Alazédn, Mazar - Dudas, and San
Antonio determined that faced the climatic and
ecological collapse the world has an objective to
develop renewable energies. However, there are en-
vironmental problems due to the deep interaction
with the immediate areas moving people from the
original communities and lifestyle change (Briones-
Hidrovo et al., 2020; Hasan and Wyseure, 2018).

Parra (2020) explains that hydropower in Ecua-
dor is susceptible to climate variations. The studies
exposed that hydroelectric capacity could display
substantial sensitivities to differences in rainfall pat-
terns. In Ecuador, this can change precipitation pat-
terns, especially in high Tropical Andean regions. In
the last years, the promotion of hydropower plants
produced a reduction in fossil fuel burning. In spite
of this, considering the possible impacts of climate
change on this renewable, as occurred in 2009, the
hydroelectric energy was affected by dry weather
conditions (Cabrera et al., 2021; Parra, 2020).

Finally other study determines the capacity to
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2030 of the five important hydroelectric projects of
Ecuador (Coca Codo Sinclair, Manduriacu, Minas
San Francisco, Toachi Pilaton, and Delsintagua).
These plants were projected to have an initially
capacity of 2 275 MW, however the investigation
concludes that from the Intergovernmental Panel
on Climate Change three scenarios (Al, B, and B2)
there are important capacity decreases, for exam-
ple in the line called Al there is a reduction of 1
839 MW to 2050, in Bl scenario is projected to 1
995 MW, and in the conservative scenario B2 up to
2 104 MW. Concluding in the A1, B1, and B2 sce-
narios, the capacity of these plants will decline by
19%, 12 %, and 8 %, respectively (Naranjo-Silva and
Quimbita, 2022).

Summarizing the projections, the value of
ecosystem services declined with the hydroelec-
tric projects structure; renewable source exploita-
tion implies degradation and suppression of ecolo-
gical services. Therefore, it reduces the ecosystem’s
capacity to provide all its functions quantitatively
and qualitatively, proposing a worrying issue, given
that hydropower should not be sponsored as a sus-
tainable energy source (Briones-Hidrovo et al., 2017,
2019). In addition, studies mention that hydropo-
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wer depends on a strategic ubication and capacity
but has some social, environmental and cultural is-
sues as unbalances in the aquatic life before and af-
ter the reservoir, fragmentation and transformation

of rivers, destroying ecosystems, reducing fishery
resources and sometimes using territories from far
communities, thus forcing those people to relocate
(Voegeli et al., 2019; Zarfl et al., 2019).

TWh/ano Hydropower
20TWh
15TWh
4
10 TWh
5TWh
Other renewables
Wind
0TWh e —t Solar
1985 1990 1995 2000 2005 2010 2015 2019
Figure 5. Renewable energy production by source in Ecuador in 2019.
Source: (Ritchie and Roser, 2020).
5 Discussion

In order to achieve global energy sustainability, re-
newable energy must replace fossil fuel burning
(Camayo et al., 2021; Garcia-Parra et al., 2022). Ho-
wever, at a global level, the hydropower produc-
tion presents a broad vision of the advantages, and
little is explained about the disadvantages and pro-
blems; hence, scientific studies show that hydropo-
wer generation has several implications, generating
impacts on ecosystems due to the large infrastruc-
ture’s development (Naranjo-Silva and J., 2021).

In Ecuador, large hydropower infrastructures
have quickly developed for 15 years due to condi-
tions with great availability of water, but to what ex-
tent is this water overuse sustainable? According to
the IHA, Ecuador ranked third for globally nations
that added new hydroelectricity projects last years
(International Hydropower Association, 2018b).
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On the other hand, global studies were carried
out on climate impacts and aggressive hydropower
development; for example, Lehner (2005) estimates
that the gross hydropower potential will decrease
by approximately 6 % to 12 % by Europe 2070s (Leh-
ner et al., 2005). Estimates in vulnerable or modified
regions establish that globally, a trillion dollars are
cumulatively required to offset the deterioration of
the last 18 years of hydropower generation associa-
ted with climate change (Turner et al., 2017).

According to Hofstra et al. (2019), climate chan-
ge poses a global threat to hydropower and thermo-
electric production. Through coupled hydrological
modeling, options for sustainable adaptation of wa-
ter and energy are evaluated. For the time scenario
2040-2069, the study estimates a reduction of 61 %-
74% in the usable capacity of hydropower and ther-
moelectric projects.
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Table 3. Hydropower projects of more than 500 MW in Ecuador.

. Project Capacity Average power Specific
Project phase [MW]  [GWh/year] State location
Santiago Feas.ll.)lhty apd 2400 14 613 Morona Santiago  Twinza

definitive design
Cardenillo Feasﬂnhty a1.1d 596 3409 Morona Santiago  Méndez
definitive design
Total 2996 18 022 - -

An analysis in China indicates that hydropower
is sensitive and vulnerable to climatic fluctuations,
temperature and rain are the most important fac-
tors; therefore, extreme meteorological phenomena
such as rain, heatwaves, floods, and drought, impo-
se challenges for the hydroelectric development of
the country with the highest global installed capa-
city with 356 GW (2020 year) (Fan et al., 2020).

Studies in India conclude that all hydrological
basins experience substantial changes in precipita-
tion and temperature that affect the water availa-
bility for hydropower production, and a warmer
and more humid climate is observed in the future;
therefore, it is calculated that the average annual
temperature will increase between 18+ 14,6 % until
the end of the century (Ali et al., 2018).

With the global comparations, the Ecuador re-
sults showed a rapid hydropower expansion last
years. Nowadays is the principal energy source, and
the middle conservative scenario by 2030 determi-
nes a 47 TWh needed to the country. Nevertheless,
Escribano (2013) in an Ecuadorian energy policies
analysis, mentions it is apparent that the hydro-
electricity expansion faces regulatory, financial, and
social problems, underlining the serious importan-
ce of undertaking an exhaustive examination of the
energy grid relating to the country development
versus the environmental conservation.

In addition, as mentioned in the section of hy-
dropower projections in Ecuador, there is a 22%
feasible installed capacity with data from 2021, but
due to the differences in precipitation between the
north and south of Ecuador, where drought and
under-production are registered hydroelectric res-
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pectively, it is technically complicate to materialize
additional projects that require robust analysis in
addition to the constant climatic variations. There-
fore, achieving the total feasible hydropower capa-
city would depend on resources, which means in-
vestment that the country does not have, because at
the moment (December 2022 cutoff), the public debt
is around 73,114 million dollars (Llerena-Montoya
et al., 2021). In addition to the economic costs as an
obstacle to new investments in hydroelectric sys-
tems, technical and administrative areas due to the
lack of advance of final feasibility and engineering
studies do not allow the specific development of
this type of structures that finally also have envi-
ronmental repercussions on virgin ecosystems that
are in places far from the main cities.

In an energy scenarios study in Ecuador, Villa-
mar2019, Villamar2021 show that the climate chan-
ge influences would hinder the hydroelectric capa-
city to contribute to the fulfillment objectives as a
country to lower the greenhouse gases that cau-
se global warming. Although hydropower is pre-
sented in a renewable way, it shows environmental
impacts, making a subsector of special considera-
tion for its development (Chiang et al., 2013). Ove-
rall, the global trend is to develop more hydropo-
wer projects to mitigate the pollution of greenhouse
gases from fossil generation sources. However, no-
wadays, in Ecuador, there are some impacts from
this renewable source. It is essential to consider that
growth and energy supply requires a specific analy-
sis of the hydropower infrastructure. Substantial
changes in precipitation and temperature are glo-
bally expected to affect water availability for hy-
droelectric generation making Ecuador a vulnerable
country (Ali et al., 2015; Mousavi et al., 2018).
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Table 4. Scenarios of energy demand in Ecuador Country.
Source: (Ministerio de Energia y Recursos No Renovables, 2019).

Year Low [GWh] Medium [GWh] High [GWh]
3020 (Base) 26727 26727 26727
2021 28 037 28 304 28 571
2022 29410 29 974 30 543
2023 30 852 31742 32650
2024 32363 33615 34903
2025 33949 35 508 37311
2026 35613 37 699 39 886
2027 37358 39 923 42638
2028 39 188 42278 45 580
2029 41108 44773 48725
2030 43123 47 414 52087
P erce“;ggg_‘;fo;*;“auon 4.90% 5.90% 6.90%

Finally, this manuscript has a general brief of hy-
dropower in Ecuador with data analysis, however,
it is still only an example of a small country in Latin
America with a substantial water ability. In order
to know in depth, the repercussions of hydroelec-
tricity, especially in large scale, more information
should be obtained from countries such as Brazil,
China, and the United States, where hydroelectric
expansion is greater in installed capacity.

6 Conclusions

Hydropower in Ecuador has overgrown in the last
years; in 1985, the country generated 4 000 GWh; in
2010, Ecuador contributed around 8 000 GWh. By
2020, it supplied 24 000 GWh, which represented a
relative increase for 2010- 2020, around + 300 %.

Based on the Ministry of Environment and Wa-
ter’s estimate of temperature and precipitation
changes, the projections performed by the energy
grid and hydropower plants of Ecuador are subject
to uncertainty. Moreover, by 2030, the country will
require the low, medium, and high energy scenario
at around 43 123 GWh, 47 414 GWh, and 52 087
GWh, respectively, and hydroelectricity will remain
to be an essential renewable source for the country.

By the projections for Ecuador to 2030, a me-
dium conservative average growth of 5.9 % annual
energy consumption was established as the prin-
cipal scenario. But, regardless of the percentage of
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installed hydropower capacity, an expansion not
necessarily renewable will be required for the futu-
re, which could cause a noticeable environmental
imbalance.

Ecuador is a global example of managing an
energy grid with more than 80% hydropower by
2020. Therefore, this renewable development relates
the fragility finding to the ecosystems surrounding
hydropower projects, generating a new issue plus
climatic change effect.

Future research could analyze the strong inter-
action of hydropower to the installed ecosystems
with availability modeling of water and environ-
mental change. Also, it is recommended to develop
and apply sustainability criteria through a metho-
dology climate assessment, economic, environmen-
tal, and social to offset the effects produced by the
hydropower projects.
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Abstract

In the literature, evidence has been provided that establishes that compliance with environmental regulations promo-
tes the adoption and implementation of eco-innovation activities in manufacturing firms, since through this type of
activities not only are the costs associated with the discharges of pollutants, but also increases the level of sustaina-
ble performance of companies. However, little is known about the relationship between environmental regulations,
eco-innovation, and sustainable performance, since there are few studies published in the literature that have focused
on their analysis, so this study aims to fill this existing gap, and generate new knowledge of the relationship between
these three constructs through an extensive review of the literature. Likewise, a questionnaire was distributed to a
sample of 460 manufacturing firms in Mexico, analyzing the data through confirmatory factor analysis and structu-
ral equation models based on covariance. The results obtained suggest that environmental regulations have positive
effects on eco-innovation, and eco-innovation has positive effects on sustainable performance of manufacturing firms
in the automotive industry. In this context, the results obtained allowed us to conclude that compliance with envi-
ronmental regulations established by the public administration, by manufacturing firms in the automotive industry,
improve both eco-innovation activities and sustainable performance of organizations.

Keywords: Environmental, regulation, environmental regulation, innovation, sustainable performance, eco-innovation,

manufacturing firms, automotive industry.
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Resumen

En la literatura se ha aportado evidencia que establece que el cumplimiento de las regulaciones medioambientales
propicia la adopcién e implementaciéon de actividades de eco-innovacién en las empresas manufactureras, ya que
a través de este tipo de actividades no sélo se reducen los costos asociados a las descargas de contaminantes, sino
también se incrementa el nivel del rendimiento sustentable de las empresas. Sin embargo, poco se sabe de la relaciéon
existente entre las regulaciones medioambientales, la eco-innovacién y el rendimiento sustentable, ya que son pocos
los estudios publicados en la literatura que se han orientado en su andlisis, por lo cual este estudio tiene como obje-
tivo llenar este vacio existente, y generar nuevo conocimiento de la relacién entre estos tres constructos a través de
una extensa revision de la literatura. Asimismo, se distribuyé un cuestionario a una muestra de 460 empresas manu-
factureras de México, analizando los datos mediante el anélisis factorial confirmatorio y los modelos de ecuaciones
estructurales basados en la covarianza. Los resultados obtenidos sugieren que las regulaciones medioambientales tie-
nen efectos positivos en la eco-innovacién, y la eco-innovacién tiene efectos positivos en el rendimiento sustentable
de las empresas manufactureras de la industria automotriz. Bajo este contexto, los resultados obtenidos permitieron
concluir que el cumplimiento de las regulaciones medioambientales establecidas por la administracién publica, por
parte de las empresas manufactureras de la industria automotriz, mejoran tanto las actividades de eco-innovacién
como el rendimiento sustentable de las organizaciones.

Palabras clave: Medioambiente, regulacién, regulaciéon medioambiental, innovacién, eco-innovacién, rendimiento
sustentable, empresas manufactureras, industria automotriz.
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1 Introduction

In the last decade, environmental problems have
become a topic of global interest and public debate
in the literature (Geng and He, 2021), particularly
because the development of society does not have
to depend on natural resources depletion (Almei-
da and Wasim, 2023). In this regards, Emina (2021)
considered that the economic development of coun-
tries should not only be subject to meeting the needs
of the present, but also to guaranteeing the needs
of future generations. Guo et al. (2020) supports
this point of view, recommending the adoption of a
combination of environmental and innovation poli-
cies, which allow long-term economic and business
growth. Eco-innovation (EI) is emerging in the lite-
rature as one of the alternatives that firms have to
improve and mitigate the negative effects that they
generate on the environment (Cai and Li, 2018), and
can help firms to improve sustainable performance
(SP) (Garcia-Parra et al., 2022; Almeida and Wasim,
2023).

Additionally, various studies published in the
literature have suggested that EI can be considered
as an alternative solution to global environmental
problems (e.g. Afshari et al. (2020); Garcia-Granero
et al. (2020); Han and Chen (2021); Arranz et al.
(2021)), particularly because when manufacturing
firms adopt environmentally friendly innovations,
the negative impacts of environmental pollution are
reduced (Garcia-Granero et al., 2020; Arranz et al.,
2021). Likewise, Bitencourt et al. (2020) suggested
that companies that prioritize environmental care
in their policies can obtain greater long-term eco-
nomic growth, which is why they should pay more
attention to environmental and sustainability as-
pects (Muhammad et al., 2020).

In this context, EI is one of the most effective
business strategies to protect the environment and
SP (Porter and van der Linde, 1995), and plays a
fundamental role in the economic growth of firms
and countries (Yang and Yang, 2015). Therefore, the-
re are more government authorities that are gene-
rating a series of environmental regulations (ER)
to promote environmental firms to adopt EI (Yuan
etal., 2017; Yuan and Xiang, 2018). However, the re-
sults obtained from studies that relate ER, EI and SP
can be considered as inconclusive and open to de-
bate (Dewick et al., 2019), which is why this study

82

contributes to EI literature with the generation of
new knowledge, in addition to that it also comple-
ments other work published in the literature (You
et al., 2019). Therefore, to complement and expand
the limited body of knowledge, this paper addres-
ses the following research question: What is the re-
lationship between ER, EI and SP in the automotive
industry?

2 Materials and Methods

2.1 Environmental Regulations and Eco-
innovation

To reduce negative impacts on the environment
and promote sustainable economic development
among manufacturing firms, public administration
is increasingly intervening through ER, in stimu-
lating companies to adopt measures that improve
the environment and sustainability (Xie et al., 2023),
especially because ER is one of the better environ-
mental policy instruments (Wang and Zhang, 2022).
Furthermore, ER can also stimulate companies to
adopt EI, particularly highly polluting manufac-
turing firms, such as the automotive industry, in
emerging economy countries, where the intensity
of ER is generally very low (Wang, 2023), and the
implementation of ER is required to improve EI ca-
pabilities of organizations (Xu et al., 2020).

The relationship between ER and EI has been
recently explored in the literature in various stu-
dies (e.g. Liao and Tsai (2019); Wang et al. (2020);
Frigon et al. (2020); Han and Chen (2021)), particu-
larly from the implication of public administration
in restricting regulations imposed on companies
and organizations to safeguard ecosystems (Sanni,
2018). Along these lines, Frigon et al. (2020) con-
sidered that public administration should tighten
environmental policies that would force manufac-
turing firms to adopt EI to generate pollution-free
industries. In a recently published study, Han and
Chen (2021) found that ER policies implemented
by public administration in Myanmar, had a signi-
ficant positive impact on the EI of manufacturing
companies.

Also, public administration is generating increa-
singly stringent ER, and is pushing hard for ma-
nufacturing firms to comply with the four essential
REs: (1) regulation of emissions of pollutants into
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the environment, (2) tax for discharge of pollutants,
(3) use of renewable energy and, (4) investments
by plants in new local environmental improvement
projects (Xie et al., 2017). In addition, public ad-
ministration is promoting the adoption and imple-
mentation of the different activities involved in El in
all companies in the manufacturing industry, with
the purpose of significantly reducing both energy
and resource consumption and pollution levels and
CO; generation (Guo et al., 2017; Liao, 2018). In this
line, EI is considered today not only as one of the
best strategies that helps manufacturing firms to
comply with ER, but also in generating a higher SP
(Shu et al., 2016; Wakeford et al., 2017).

Additionally, EI induced by strict compliance
with ER is not only limited to innovation or tech-
nological advancement of manufacturing firms, but
must also include optimization process, product
design and production and the implementation of
new methods of product management and distri-
bution (Porter and van der Linde, 1995). However,
most of the studies published in the literature have
focused on the effects that ER have on technologi-
cal innovation of manufacturing firms (Hojnik and
Ruzzier, 2016; Costa-Campi et al., 2017; Wakeford
et al., 2017), and relatively few studies have orien-
ted in ER on EI of manufacturing firms (You et al.,
2019). ER can promote the EI adoption among ma-
nufacturing firms, through the application of three
elementary measures: prevention of environmental
pollution, management of eco-products and sustai-
nable development (You et al., 2019).

Under this context, ER plays an essential role
in stimulating and promoting manufacturing firms,
including those that make up automotive industry,
to intensify actions in the reuse and recycling of
materials in the production of more environmen-
tally friendly products, through EI adoption (Han
and Chen, 2021), since this would allow not only
to reduce negative impacts on environment, but al-
so to improve its level of competitiveness (Wang
et al., 2020). Furthermore, ER imposed on manufac-
turing firms to protect the environment can genera-
te a substantial increase not only in the demand for
eco-products, but also stimulate the development
of innovative techniques to improve environmental
performance (Ferndndez et al., 2021). Thus, conside-
ring the information presented above, it is possible
to propose the following research hypothesis:
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H1: Environmental regulations have significant po-
sitive effects on eco-innovation.

2.2 Eco-innovation and Sustainable Perfor-
mance

The innovation literature established that internal
factors such as resources available in firms, structu-
re and essential capacities determine in a high per-
centage EIl implementation, while external pressure
exerted by consumers, customers, environmental
groups and public administration induces manu-
facturing firms to be more practical in adopting
environmental practices (Cai and Li, 2018). In ad-
dition, recent studies have established that EI has
significant positive effects on SP of manufacturing
firms (e.g. Maldonado-Guzmén and Garza (2020);
Almeida and Wasim (2023); Michalski et al. (2023)),
since EI is considered as a strategy business that
adds value to customers and companies, that con-
tributes to improving both SP and reducing costs
and environmental impacts (Tseng et al., 2021).

Likewise, EI can replace existing products in ma-
nufacturing firms with eco-products that are more
environmentally friendly, which generally reduce
negative impacts to the environment (Cai and Li,
2018), and can improve efficiency of resources and
raw materials, reduce waste of materials and sig-
nificantly reduce the costs associated with the ge-
neration of pollutants and CO, for not complying
with ER (Cai and Li, 2018). In addition, EI products
can generate additional profits or benefits that will
allow manufacturing firms to obtain economic and
financial resources necessary to develop EI activi-
ties, and establish a corporate image of environmen-
tal care responsibility, implement a diversification
of its eco-products and increase its market share
(Cai and Li, 2018). Also, manufacturing firms that
have adopted EI commonly have higher producti-
vity per employee, and economic and SP than those
companies that have not yet done so (Hojnik and
Ruzzier, 2016).

Additionally, various studies published in the
literature have identified different determining fac-
tors in EI adoption and application, such as regu-
lation (Han and Chen, 2021; Wasiq et al., 2023),
government support (Wang et al., 2020), manage-
rial pressure (Long et al., 2020; Wang et al., 2020),
market pressure (Chen and Liu, 2019; Wasiq et al.,
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2023), technological factors (Andersson et al., 2020;
Wasiq et al., 2023), and business performance (Yur-
dakul and Kazan, 2020; Geng et al., 2021). However,
there are relatively few studies published in the li-
terature that have explored the influence of EI on
SP (Maldonado-Guzman and Garza, 2020; Almeida
and Wasim, 2023). According to Wang et al. (2020),
and Wasiq et al. (2023) government support is es-
sential to encourage competition and promotion of
innovative technologies.

In recent years, the analysis and discussion of
EI adoption has gained significant attention from
academics and researchers (e.g. Mercado-Caruso
et al. (2020); Zhang et al. (2020); Fernandez et al.
(2021); Geng et al. (2021); Wasiq et al. (2023); Al-
meida and Wasim (2023)). One of the key factors
in EI adoption and implementation in manufactu-
ring firms, including the automotive industry, is
the growing interest that consumers have in pur-
chasing environmentally friendly products, which
is closely linked to the commitment and desire to
express identity through the purchase of green pro-
ducts (Fernandez et al., 2021; Rana and Solaiman,
2022; Kautish and Khare, 2022), which encourages
manufacturing firms to apply EI practices to im-
prove their products, processes and management
systems sustainability (Afshari et al., 2020; Chang
etal., 2021).

Under this context, EI is generally categorized
in the literature as an environmentally related in-
novation (Wang et al., 2020; Chang et al., 2021),
particularly because EI has been shown to gene-
rate a positive impact on environmental levels of
manufacturing firms, such as profitability (Kraus
et al., 2020; Achmad et al., 2023), social performan-
ce (Wang et al., 2020), and SP (Singh et al., 2020;
Al-Hanakta et al., 2023). Furthermore, recent stu-
dies published in the literature (e.g. Han and Chen
(2021); Almeida and Wasim (2023)), suggest that ER
can encourage manufacturing firms to adopt EI ac-
tivities, which can generate greater SP level. Thus,
considering the information presented above, it is
possible to propose the following research hypothe-
sis:

H2: Eco-innovation has significant positive effects on
sustainable performance.

To respond to the two established research hy-
potheses, an empirical study was carried out in
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manufacturing firms of the Mexican automotive in-
dustry, particularly analyzing the relationship bet-
ween ER, EI and SP. In the first phase of the study, a
“Business Panel” was held with three academics
from the innovation area and five businessmen
from the automotive industry and two represen-
tatives of government agencies related to ER.

The results obtained in this first phase allowed
the design of a questionnaire to collect the informa-
tion, applying a pilot test to ten businessmen of the
automotive industry, making minor adjustments in
writing, appearance and spelling. Pilot studies are
essential to ensure validity when questionnaires are
self-administered or contain self-developed scales
(Bryman, 2016; Hair et al., 2016).

2.3 Sample Design and Data Collection

The frame of reference used in this study was the
directory of the companies of the Mexican automo-
tive industry, which had registered 909 firms as of
November 30, 2019, the companies belonging to va-
rious local, regional, and national business cham-
bers, Therefore, the empirical study did not focus
on a particular group or business association. In ad-
dition, the survey for the collection of information
was applied to a sample of 460 companies selec-
ted by simple random sampling, with a maximum
error of £ 4% and a level of reliability of 95% and
applying the survey during the months of January
to March 2020. Also, the questionnaire was delive-
red to the company manager who designated the
people responsible for each area to answer the ques-
tions that corresponded to them, obtaining informa-
tion from the experts in each organization area.

2.3.1 Measure Development

ER measurement is an adaptation to the scale es-
tablished by Xie et al. (2017) and Pan et al. (2017),
who considered that ER can be measured through 4
items. EI measurement was made to the scales pro-
posed by Hojnik et al. (2014) and Segarra-Ofia et al.
(2014), being measured EI product through 4 items,
EI processes through 4 items and EI management
through 6 items.

Finally, SP measurement is an adaptation to the
scale proposed by Gadenne et al. (2012), who mea-
sured this construct through 5 items. A five-point
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Likert-type scale was chosen to strike a balance for analysis (Forza, 2016; Hair et al., 2016). Table 1
between complexity for respondents and accuracy shows the items of the five scales used in paper.

Table 1. Measurement Model Assessment

Indicators Constructs
Environmental Regulation (ER)
ENR1 Regulation of emissions of pollutants into the environment
ENR2 Pollutant discharge tax
ENR3 Use of renewable energies
ENR4 Plant investments in new local environmental improvement projects

Product Eco-innovation (PE)
It constantly improves its product life cycle standards and

PEIL conducts product life cycle studies
It uses or develops new energy sources with a tendency
PEI2 .
to reduce CO; emissions
PEI3 It uses the eco-label system required by each destination
country for its products
PEI4 It uses and elaborates eco-innovative components and

materials that are made from recycled raw materials
Process Eco-innovation (RE)
PRE1 Treats wastewater
PRE2 It uses sterilization methods for its components or
technological devices
Produces or uses fabric components that use
fabric sanitization technologies
PRE4 It uses ecological or recyclable paper in its processes
Management Eco-innovation (ME)
MEI1 Has a management system that reuses obsolete components
and equipment
MEI2 Has an ISO 14001 Certification or similar
It has constant audits of energy saving and ecology by the

PRE3

MEI3 state and/or municipal authorities of its location
Constantly conducts seminars or training courses for staff

MEI4 . .
related to eco-innovatio

MEI5 It has well-defined policies that encourage and support eco-innovation
activities throughout the organization

MEI6 It has a monitoring and control system for wastewated

generated by the company
Sustainable Performance (SP)
SPE1 It has among its objectives the care of the environment
SPE2 Makes great efforts to promote environmental care
It has a great commitment to invest in projects that protect

SPE3 the environment

SPE4 Frequently discusses the results of environmental care performance
within the organization.

SPE5 It has an excellent performance in protecting the environment compared

to other companies in the same industry or sector.

Given that the data were collected by applying a could generate Type I (false positive) or Type II (fal-
questionnaire to the same informant (company ma- se negative) errors considered in this study, varian-
nager), there is the possibility of causing biases that ce evaluation through the common method (CMV),
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following Podsakoff et al. (2012) recommendations.
Traditionally, the method most used by scientific
and academic community to verify the possible ef-
fect of CMV is Harman's one-factor test (Podsakoff
et al., 2003), which indicates that all items on the
measured followed an exploratory factor analysis
(EFA), forcing extraction to a single factor (Iverson
and Maguire, 2000; Aulakh and Gencturk, 2000).

To verify the suitability of the data and the possi-
ble effect of CMV, an EFA was applied using princi-
pal components method and varimax rotation, fin-
ding a KMO value = 0.85 and a statistically signi-

ficant Bartlett test (X(21,035) = 6.567,05; p < 0,000).

If there was any inconvenience in the data or in
the CMYV, the common factor extracted should ha-
ve a value greater than 50 % of the variance extrac-
ted (Podsakoff et al., 2003), but the common fac-
tor extracted from the application of the EFA is
34.7 %, which is much lower than the recommended
value, which indicates the non-existence of CMYV,
which does not seem to have any effect on the re-
lationships proposed between the variables (Podsa-
koff et al., 2012).

2.3.2 Reliability and Validity of Measurement Scales

The evaluation of reliability and validity of the three
measurement scales required a Confirmatory Fac-
tor Analysis (CFA), using the maximum likelihood
method with the support of the EQS 6.2 software
(Bentler, 2005; Brown, 2006; Byrne, 2006). Therefo-
re, for the measurement of reliability, Cronbach’s
Alpha and Composite Reliability Index (CRI) (Ba-
gozzi and Yi, 1988) were used, and according to the
results obtained in CFA all the values of the three
scales are higher than 0.7 for both indices, which
provides evidence of the reliability of the scales
and justifies their internal reliability (Nunally, 1994;
Hair et al., 2014). In addition, as evidence of con-
vergent validity, CFA results indicate that all items
of related factors are significant (p <0.001), and the
size of all standardized factor loads is greater than
0.60 (Bagozzi and Yi, 1988).

The results of CFA application are presented in
Table 2 and suggest that the measurement model
provides a good statistical data fit (SBX? = 776.804;
df = 2202; p = 0.000; NFI = 0.888; NNFI = 0.904;
CFI = 0.916; RMSEA = 0.074). In addition, Table 2
shows a high internal consistency of the constructs,
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in each case Cronbach’s Alpha exceeds the value of
0.70 recommended by Nunally (1994). CRI repre-
sents the variance extracted between the group of
observed variables and the fundamental construct
(Fornell and Larcker, 1981), so that a CRI greater
than 0.60 is considered desirable (Bagozzi and Yi,
1988), in this study this value is widely surpassed.
Extracted Variance Index (EVI) was calculated for
each of the constructs, resulting in an EVI greater
than 0.50 (Fornell and Larcker, 1981), in this work
0.50 is exceeded in all factors.

In addition, the discriminant validity of the
theoretical model of ER, EI and SP were measured
by means of two tests, which are presented in Table
3. First, confidence interval test is presented. (An-
derson and Gerbing, 1988), which states that with
a 95% confidence interval, none of the individual
elements of the latent factors of the correlation ma-
trix has the value of 1. Second, variance extracted test
(Fornell and Larcker, 1981), which states that the
variance extracted from each pair of constructs is
lower than its corresponding EVI. Therefore, accor-
ding to the results obtained from the application of
both tests, it is possible to conclude that both tests
demonstrate sufficient evidence of the existence of
discriminant validity.

3 Results and Discussion

To respond to the two hypotheses raised in this
empirical study, a structural equation model (SEM)
was applied with the support of the EQS 6.2 softwa-
re (Bentler, 2005; Byrne, 2006; Brown, 2006), analy-
zing the nomological validity of the theoretical mo-
del of ER, EI and SP through the Chi-square test,
by means of which the results obtained between the
theoretical model and the measurement model were
compared, obtaining non-significant results which
allows establishing an explanation of the observed
relationships between latent constructs (Anderson
and Gerbing, 1988). Table 4 shows the results obtai-
ned from the application of the SEM.

Table 4 shows the results obtained from the ap-
plication of SEM and, with respect to the H; hy-
pothesis, the results obtained, B = 0.989 p <0.001, in-
dicate that ER has significant positive effects on EI
of manufacturing firms. Regarding the H; hypothe-
sis, the results obtained, B = 0.265 p <0.001, indicate
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that EI has significant positive effects on SP of ma-
nufacturing firms. In summary, the existence of a

significant positive relationship between ER, EI and
SP can be corroborated.

Table 2. Internal consistency and convergent validity of the theoretical model

Variable Indicator Facto.rlal Robust t-Value Cronbach’s CRI EVI
Loading Alpha

ENRI1 0.719*** 1 000 4

Environmental ENR2 0.852*** 18.058
Regulations ENR3 0.954*** 19.953 0.913 0.914 0728

ENR4 0.871** 18.483

Produet pen G L
Eco—l?giyatlon PEI3 0.893%+ 16.025 0.874 0.875 0.639

PEI4 0.819** 15.137

s FREL 08T 00
ECO_]?;;;E‘UOH PRE3 0877+ 24,505 0916 0917 0.736

PRE4 0.809*** 21.391

MEII 0.776*** 1 000 ¢

Management MEI2 0.758:: 17.421
Eco-innovation ﬁgﬁ 8225*** 5(1);23 0.926 0.927 0.681

(F3) MEI5 0.886"** 21.197

MEI6 0.769*** 17.730

F1 0.815%** 5.806
Eco-innovation F2 0.686"** 5.169 0.821 0.822 0.609

F3 0.831*** 6.133

SPE1 0.751%* 1 000 ¢

Sustainable SPE2 0.755%* 16.237
Performance SPE3 0.850*** 18.450 0.898 0.899 0.642

SPE4 0.858"* 18.634

SPES 0.786"** 16.959

S-BX? (df = 220) = 776.804; p < 0.000; NFI = 0.888; NNFI = 0.904; CFI = 0.916; RMSEA = 0.074
¢ = Constrained parameters to such value in the identification process

** = p < 0.01

The results selected in this empirical study have
different implications for both managers and manu-
facturing firms. A first implication originated from
these results is that the data derived from the ap-
plication of 460 surveys confirmed the realization
of a general analysis of the relationship between
ER, EI (means through eco-innovation in products,
processes, and management), and SP in a particu-
lar industry (Mexican automotive industry), so in
future studies these three constructs in longitudinal
studies or in case studies of success will be relevant.
However, from the point of view of the evolution of
innovation, the results indicate that full complian-
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ce with ER improves EI activities of manufacturing
firms (You et al., 2019; Dewick et al., 2019).

A second implication derived from the results
is that ER allow manufacturing firms, not only to
implement eco-investment and eco-planning activi-
ties in EI of products, processes and management,
as suggested previously in published studies (e.g.,
Wakeford et al. (2017); Guo et al. (2017)), but also
facilitates compliance with the goals of reducing ne-
gative impacts to environment and reduces human
and environmental risks (Severo et al., 2018). Ho-
wever, even though the adoption of EI is strongly
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influenced by ER and financial regulations, it is also
true that it is important that government autho-
rities should reform their fiscal system to promote
the adoption of EI among manufacturing firms (You
etal., 2019).

A third implication of the results obtained is
that it has been shown in the literature that ER to
be much more effective it has to be rigorous, fle-
xible and enforceable (e.g., Ribeiro and Kruglians-
kas (2015)), because this would allow a greater im-
plementation of EI in manufacturing firms (Yang
and Yang, 2015; Yuan et al., 2017), as ER stimulates
the adoption of EI because they essentially reduce
the costs for compliance (Dewick et al., 2019), even
though the concept of El is too complex, and requi-
res the application of the three types of knowledge
(EI of products, processes and management) to ob-
tain best results (Marzucchi and Montresor, 2017).

A fourth implication derived from the results is
that even when empirical evidence has been pro-
vided of the positive relationship between ER and
EI of products, processes and management (e.g.,
Cai and Li (2018); You et al. (2019)), there are few

studies that analyze and discuss EI from a gene-
ral point of view, however, the results obtained in
this study are consistent and similar to those obtai-
ned in the aforementioned studies. Therefore, ER
promote, among manufacturing firms, not only the
development of the different EI activities of pro-
ducts, processes and management that are more
environmentally friendly, but also the significant
improvement of SP (Hojnik and Ruzzier, 2016).

A fifth and final implication of the results obtai-
ned is that manufacturing firms are increasingly un-
der pressure from different environmental groups,
consumers, suppliers, communities and society in
general to adopt more effective measures of envi-
ronmental care sustainable development, so one of
the alternatives that are being considered by resear-
chers, academics and industry professionals is EL
However, for manufacturing firms to contribute to
reducing the current climate change, they require
full compliance with government ER, as this will
allow them to significantly reduce the use of energy
and raw materials (Fellner et al., 2017), waste (Tisse-
rant et al., 2017), and raw materials (Tisserant et al.,
2017).

Table 3. Discriminant validity of the theoretical model

. Environmental Eco- Sustainable
Variables . . .
Regulation innovation  Performance
Environmental 0.728 0.045 0.095
Regulation
Eco-innovation  0.165 - 0.261 0.609 0.068
Sustainable 0.244-0372  0.203-0.319 0.642
Performance

The diagonal represents the Extracted Variance Index (EVI), whereas above the
diagonal the variance is presented (squared correlation). Below diagonal, the es-
timated correlation of factors is presented with 95 % confidence interval.

4 Conclusions

The results obtained in this study will generate dif-
ferent conclusions among the most important will
be the following. A first conclusion is the theore-
tical model that is considered to have a high in-
ternal consistency, generating a strong correlation
between the three constructs analyzed, which de-
termines the acceptance of the two research hy-
potheses proposed. A second conclusion is the same
theoretical model used that has an overview of the
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main EI activities (product eco-innovation, process
eco-innovation and management eco-innovation).
A third conclusion is many previously published
studies that have analyzed and discussed the rela-
tionship between ER, EI and SP are few, compared
to studies that have been oriented towards concep-
tualization (You et al., 2019), which from our point
of view lack a specific contribution.

A fourth conclusion is that the analysis of the
relationship between these three important cons-
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Table 4. Results of the SEM

Hypothesis Structural Relationship Séilei;rgznetd Robust t-Value
H,: The higher level of

environmental regulations, higher  Environmental R — Eco-inn. 0.989"** 20.409
level of eco-innovation.

H>: The higher level of

eco-innovation, higher level of Eco-inn. — Sustainable P. 0.265*** 14.074

sustainable performance.

S-BX? (df = 214) = 685.502; p < 0.000; NFI = 0.901; NNFI = 0.916; CFI = 0.929; RMSEA = 0.069

=P < 0,01

tructs is a relatively recent topic in the literature,
even though the relationship of these three cons-
tructs is increasingly gaining attention of resear-
chers, academics and industry professionals the
empirical results are not necessary to establish a
total relationship, so it is possible to conclude the
relationship between ER, El and SP is an unfinished
issue that is open to discussion (Yuan and Xiang,
2018). A fifth conclusion is that the analysis of the
relationship between the three constructs analyzed
is this empirical study in emerging economy coun-
tries, as is the case in Mexico, has not been explored
in the literature, so this study provides empirical
evidence and new knowledge of the relationship
between the three constructs.

A sixth and final conclusion is that the results
of this empirical study affected the generation of
knowledge, both from previously published studies
that analyzed the effects of ER and EI (e.g. Yuan and
Xiang (2018); Dewick et al. (2019); You et al. (2019)),
as of those studies that analyze the relationship bet-
ween El and SP (e.g. Yuan et al. (2017); ?); Cai and
Li (2018)), by incorporating them into a model that
simultaneously analyzes the four types of ER and
the three types of EI most cited in the literature,
which allows to conclude in general terms that ER
do allow a significant increase in EI.

This study has different limitations that are es-
sential to consider before analyzing and interpre-
ting the results obtained. A first limitation of this
study is the use of the measurement scales of ER,
El, and SP, since these three important constructs
were measured through subjective indicators obtai-
ned from the survey. Therefore, in future studies it
will be necessary to incorporate some objective data
of manufacturing firms (e.g., total certifications in
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international and national standards, amount of tax
payment for emissions of polluting gases, amount
of EI performed, percentage of energy use rene-
wable, percentage of treated water use), to verify
whether the results obtained differ or not from tho-
se obtained in this study.

A second limitation is that ER and EI (EI of pro-
ducts, processes and management), may have better
results if they are analyzed and discussed in a di-
saggregated manner, or if a moderating variable is
incorporated into the analysis of the particular cha-
racteristics of manufacturing firms (e.g., size, sub-
sector, location), or of managers (e.g. leadership,
experience, skills). Therefore, in future studies it
will be necessary to use some variables that mo-
derate the effects exerted by ER on EI, and this in
their view on SP, to corroborate whether the results
obtained are different from the results found in this
study.

A third limitation is that this study considered
only four types of ER and the three types of EI
most cited in the literature, so in future studies it
would be necessary to consider other types of EI
(e.g., marketing, technology, systems), to corrobo-
rate whether the results obtained are similar or not
to those obtained in this study. A fourth and final
limitation of these results is that the surveys we-
re applied only in the manufacturing firms of the
Mexican automotive industry, so in future studies it
would be convenient to apply them in other sectors
to corroborate whether the results obtained differ or
not from the results obtained in this study.
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Abstract

The retreat of glaciers is a reality throughout the Andes Mountain range, especially in low-altitude mountains. One
of these cases is the loss of the remaining ice mass in Carihuairazo (Tungurahua, Ecuador), which in recent years has
experienced a considerable retreat. This research aims to characterize the retreat of this glacier and its implications
for the nearby community (Cunucyacu) through the application of a multi-source methodology, which includes the
collection of glacier aerial photographs, data from nearby meteorological stations, the use of global climate reanalysis
data, interviews with community members, and mountaineers who work and frequent the area. To characterize the
glacier’s mass evolution, a hydroglaciological model was applied, using input data from meteorological series, and
its parameters were calibrated with the photographic record of the glacier’s outline. The results show a glacier loss of
99 % of its surface in 1956 (0.34 km?) by 2021. The model successfully simulates the glacier area variation over 67 years,
revealing a continuous decrease since 1978, with short periods of recovery and equilibrium, where temperature is
the variable that best explains the glacier’s retreat. However, the model fails to consider the effect of external factors,
such as the eruption of the Tungurahua volcano that could enhance the glacier retreat. The Carihuairazo glacier is in
a situation of inevitable disappearance, highlighting the vulnerabilities of communities facing this phenomenon as a
consequence of climate change.

Keywords: Glacier retreat, glacier, hydroglaciological model, climate change, Carihuairazo, Cunucyacu.
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Resumen

El retroceso de los glaciares es una realidad en toda la cordillera de los Andes, sobre todo en montafias de baja altitud.
Uno de estos casos es la pérdida de la masa de hielo remanente en el Carihuairazo (Tungurahua, Ecuador), que en los
altimos afos ha experimentado un retroceso considerable. En esta investigacion se intenta caracterizar el retroceso de
este glaciar y su implicacién en la comunidad mas cercana (Cunucyacu) por medio de la aplicacién de una metodolo-
gia de multiples fuentes que incluye la recopilacion de aerofotografias del glaciar, datos de estaciones meteoroldgicas
cercanas, uso de datos de reandlisis del clima global, entrevistas a miembros de la comunidad y a andinistas que traba-
jany frecuentan la zona. Para caracterizar la evolucién de la masa del glaciar aplicamos un modelo hidroglaciolégico
que usa como entrada datos de series meteoroldgicas y cuyos parametros fueron calibrados con el registro fotografico
del contorno del glaciar. Como resultados se puede evidenciar una pérdida del glaciar para el 2021 equivalente al 99 %
de su superficie en 1956 (0.34 km?). El modelo logra simular la variacién del 4rea del glaciar durante 67 afios, en donde
se observa un decrecimiento continuo del glaciar a partir de 1978, con cortos periodos de recuperacién y equilibrio, en
donde la temperatura es la variable que mejor explica el retroceso del glaciar. El modelo no logra considerar el efecto
de factores externos como el caso de la erupcién del volcdn Tungurahua que podria favorecer el retroceso del glaciar.
El glaciar Carihuairazo se encuentra en una situacién de inevitable desaparicién y revela las vulnerabilidades de las
comunidades que se enfrentan a este fenémeno como consecuencia del cambio climatico.

Palabras clave: retroceso glaciar, glaciares, modelo hidroglaciolégico, cambio climatico, Carihuairazo, Cunucyacu.
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1 Introduction

Glaciers play a significant role in the sustainability
of ecosystems and the environmental balance of
the regions where they are located, as in the moors
(Aguilar-Lome et al., 2019; Garcia, 2022). Glaciers
act as water reservoirs, affecting all aspects related
to their use, both for irrigation and consumption, in
addition to their use for mining and hydroelectric
generation processes (Vuille, 2013; Naranjo-Silva,
2024). The decrease in water flows associated with
glacial retreat causes scarcity and generates con-
flicts for the rights of use between the inhabitants
of mountain areas and companies that want to con-
trol access to water (Vuille, 2013). In addition to
contributing to water supply, regulating the climate
and maintaining a habitat for biodiversity, for Vilela
(2011), they influence in the culture, identity, imagi-
naries and tourism.

The Carihuairazo is an extinct stratum of vol-
cano located in the Western Cordillera of Ecuado-
rian Andes. The glacier contributes to several tri-
butaries, but mainly to those located towards the
eastern flank of the mountain. One of the closest
populations to the glacier is the community of Cu-
nucyacu, belonging to the parish Pilahuin, south-
west of Ambato in the province of Tungurahua, in
the central area of Ecuador and located north of the
Carihuairazo. Currently, in the community there
is a decrease in the amount of water originated in
the mountain. Considering the previous studies of
Céceres and Cauvy (2015), the setback of Carihuai-
razo has been observed since 2003, and this process
points towards its inevitable extinction (Francou
et al., 2011), which could occur in the coming years.
Postigo (2013) highlights the interest of knowing
the impact of the glacial retreat from the perspec-
tive of the various actors involved in underlying
conflicts, each of them with interests and priorities
different and opposed to each other. In this sense,
the testimonies and perception of different actors in
this environment, as well as social agents involved
with conservation experiences, are valuable.

Over the last decades, glaciers around the world
have experienced a reduction in their volume (Bahr
and Peckham, 1997; Basantes, 2010; Condom et al.,
2011; Favier et al., 2008; Hugonnet et al., 2021). Gla-
cial retreat is defined by Johansen et al. (2019) as the
inability to store water during cooler periods and
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release them in the form of melt fluid during the
dry season. 99 % of the world’s tropical glaciers are
located in the Andes (Condom et al., 2011), the same
ones that have experienced a negative mass balance
of 0,42+0,24 m/year (Dussaillant et al., 2019), and
there is evidence with satellite imagery and aerial
photography (Basantes, 2010; Condom et al., 2011).
This rapid retreat has caused global concerns about
the availability of water resources, as a consequence
of climate variability (French et al., 2016).

Considering the effect of climate change, there is
a need to raise awareness in populations near gla-
ciers about changes in climate patterns, and their
socio-environmental consequences, since as propo-
sed by Rhoades (2008), there is a better understan-
ding of the urgency for adopting community miti-
gation and adaptation strategies that involve and
favor local farmers against new climate scenarios
(Pacheco-Pena et al., 2023), taking into account the
need to preserve the moors as an ecosystem sensiti-
ve to glacial retreat, as pointed out by Cabrera and
Romero (2013), in its qualitative assessment of the
vulnerability to climate change of the main ecosys-
tems of the Metropolitan District of Quito.

Volume changes in tropical glaciers are subject
to atmospheric conditions (Favier et al., 2008; Sicart
et al., 2008), glacier morphological conditions and
topographic conditions (Vuille, 2013). Precipitation
is stored as snow and ice, contributing to glacier
mass accumulation (Favier et al., 2008). Melting is
controlled by the variation of energy flows from the
atmosphere, such as turbulent flow influenced by
the temperature gradient between air and ice; and
latent flow influenced by humidity (Sicart et al.,
2008). There is also a correlation between tempera-
ture and melting in glaciers (Sicart et al., 2008). In
the case of a sustained retreat of a glacier, the main
feature of this phenomenon is the melting of the hu-
ge ice masses without the possibility of regenerating
(Sandoval, 2021). For analyzing this phenomenon in
tropical glaciers, Ramirez (2008) mentions among
its main causes variations in climatic patterns such
as precipitation and temperature, since, if there is
no coincidence of precipitation and low temperatu-
res, it is not possible to form permanent snow that
renews and maintains the cycles of water regulation
associated with glaciers. However, this is a complex
multi-variable phenomenon, which is not contro-
lled only by the amount of rainfall and temperatu-
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re, but is also influenced by factors such as albedo,
orientation, slope, among others. For example, ash
deposition on the glacier caused by volcanic erup-
tions can change the albedo coefficient, altering the
energy balance (Salcedo, 2019).

Various models have been developed to simula-
te volume variation in glaciers. The ITGG-2.0 model
proposed by Juen (2006), is based on a vertical mass
profile, where the density change is calculated as a
function of altitude. In this model, the energy varia-
tion from altitude is based only on albedo and tem-
perature gradients. In addition, a complete energy
balance is performed including the estimation of
latent and sensitive turbulent flows. On the other
hand, the WEAP model proposed by Condom et al.
(2011) is broader. Unlike the previous model, it does
not employ a complete energy balance that consi-
ders all glacier processes, which requires detailed
data and complicated calculations. Instead, the mo-
del divides the area of the basin into strips of height,
some without a glacier, others with and without a
glacier, and others completely with a glacier. The
total volume is determined from the interactions
between these bands. A more general model is the
ICE-KISS model proposed by Pouget (2011), which
considers a dynamic division of glaciers based on a
temperature limit in the accumulation and ablation
zones. In this way, sublimation and other explana-
tory variables are taken into account. The model
uses a separation of areas of the glacier in accumu-
lation zone and ablation zone (which is subdivided
into high and low), being the main difference the
temperature. In the country, several empirical and
physical models have been proposed that have ad-
dressed the past and future of glaciers depending
on the climate and the morphological conditions
where the glacier is located. There are several mo-
dels to evaluate 15th glacier of Antisana (Céceres
et al., 2006; Basantes-Serrano et al., 2016) and 12 of
Antisana (Gualco et al., 2022) and a model of glacial
dynamics to evaluate the state of the entire ice cap.
Dominguez et al. (2012), proposed a model for the

2.2 Meteorology

To characterize the glacial retreat of Carihuairazo
and to know the perception of the Cunucyacu com-
munity to its extinction, we have used a methodo-
logy from multiple sources as Rhoades (2008), did
in his study on the disappearance of the glacier of
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15th glacier of Antisana.

This research aims to characterize the retreat of
the Carihuairazo glacier through the use of a hydro-
glaciological model, a photographic record and the
analysis of the influence of climatic factors and ex-
ternal factors. Additionally, it is intended to analy-
ze the problems derived from the glacial retreat of
Carihuairazo, considering the perception of clim-
bers and other social agents who live or work in
this area. In this sense, it is intended to confront
the scientific information that validates the physical
loss of the glacier thanks to hydrological and glacio-
logical works, with the perception of some inhabi-
tants and other social actors working in the area.

2 Materials and methods

2.1 Glacial surfaces

The area of the research corresponds to the Ca-
rihuairazo volcano and the Cunucyacu community
(Figure 1), belonging to the Pilahuin parish. This
community is located at an altitude of 4057 m.a.s.1.
and 9.25 km from the Carihuairazo volcano. Ca-
rihuairazo is geographically located at the coordi-
nates 1°2425S 78°4500W and reaches an elevation
of 5018 m.a.s.l. It is a stratovolcano that collap-
sed towards the WNW (West-Northwest), located
10 km northwest of the Chimborazo volcano and
35 km from the Tungurahua volcano. The date of
its last eruption is unknown, however, Clapperton
(1990) points out that it may have occurred eleven
thousand years ago. Rivers (Figure 1) emerge from
the moors of Carihuairazo, which will irrigate arid
areas of the provinces of Tungurahua and Chim-
borazo. This is where the Blanco River originates,
which downstream joins the Colorado or Pucuyacu
River, which forms the Ambato River by descen-
ding through the Chimborazo sandwaters (Moreno,
2023).

Cotacachi, including: repetitive photographs, data
from weather stations, interviews to members of
the Cunucyacu community and climbers who work
and frequent the area, interviews to social actors
with conservation experiences of moors since the
1970s. In this study we have collected different mea-
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Figure 1. Map of the study area corresponding to the Carihuairazo glacier, location of the community of Cunucyacu and drainage
of water sources in the community of Cunucyacu. Additionally, the location of the weather stations closest to the glacier is
identified. Source: Digital Terrain Model (DTM) of Ecuador.

Source: Sigtierra Metadata Catalog.

surements of the glacier since 1956, considering the
previous works ofCaceres and Cauvy (2015). This
glacial contour was the reference to compare the
percentage of loss until now. To complement this
information, a photographic record of the moun-
tain since the 1950s was also compiled. We also ha-
ve meteorological data provided by the INAMHI
(National Institute of Meteorology and Hydrology)
stations closest to the study areas. Finally, to con-
trast the meteorological information with the per-
ception of the population involved, as La Frenierre
and Mark (2017) did in the study of the Chimborazo
deglaciation, we also conducted interviews with the
leaders of the community of Cunucyacu, climbers
who frequent the area and social agents involved
with preservation experiences. Likewise, we are in-
terested in relating the climatic variables with the
volcanic activity of Tungurahua and its influence on
the evolution of the Carihuairazo glacier.

98

2.2.1 Glaciological data

The oldest data is the surface of the Carihuaira-
zo glacier in 1956, which then reached an area of
0.34 km?, from there we consider the measurements
of the glacial contour made by Caceres and Cauvy
(2015); Villacis (2008) and Rosero et al. (2021). In ad-
dition, an updated measurement was made to con-
trast with the available measurements since its first
monitoring in 2003. In the data, there is a gap of in-
formation between the year 2010 and 2015.

2.2.2 Climate data and on-site weather instrumenta-
tion

The meteorological data were provided by stations
belonging to the National Institute of Meteorology
and Hydrology (INAMHI). The “Glaciar 11 Chim-
borazo” station (M5151), located on the southwes-
tern flank of the Carihuarizo at 1 km and at an
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altitude of 4428 m.a.s.l., was used as a reference
for studying the glacier. For the treatment of tem-
perature data station “Querochaca” (M0258) was
used, located in the canton Cevallos at an altitude
of 2865 m.a.s.l. The precipitation data were obtai-
ned from stations M0258, M1107 (Laguacoto) and
M1036 (Riobamba Polytechnic) at a distance of 18,
35 and 28 km from station M5151, respectively. The
validation and data filling process for the reference
station included: homogeneity tests, linear regres-
sion and orthogonal regression, using distance as a
weighting (Guijarrom, 2023).

In order to run the model from the year in which
the first record of its surface is held (1956), data from
the fifth generation of ERA5 reanalysis (Hersbach
et al., 2020) from 1956 to 2022 were used. This infor-
mation was calibrated to the observed data of the
reference station by means of a statistical de-scaling
from the calibration of the cumulative probability
distribution of the variable with respect to a gamma
distribution. From the calibration, the error corres-
ponding to the reanalysis data was estimated.

Data on relative humidity and wind speed are
scarce in these four seasons (especially for the years
before 2010), for that reason data from the ERA5
reanalysis was used with their respective error
(Hersbach et al., 2020).

2.2.3 Volcanic activity of Tungurahua

The Tungurahua volcano is located 35 km from Ca-
rihuairazo, its recent volcanic activity was affected
with ash deposition on the glaciers of Carihuairazo
and its neighbor Chimborazo. The opaque surfa-
ce produced by the ash layer can affect the albedo
values of ice masses, contributing to the melting
process.

The eruptive process of Tungurahua began in
1999 and continued until 2016. According to re-
ports from the Geophysical Institute of the (Institu-
to Geofisico de la Politécnica Nacional, 2015) and
the newspaper (El Comercio, 2009, 2016). For mo-
re than 16 years, the eruption process of the Tugu-
rahua volcano was permanent and affected several
areas of the central region of Ecuador, especially the
provinces of Chimborazo and Tungurahua, mainly
because of the continuous emission of ash, which
damaged agriculture, livestock and even involved
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at some point the evacuation of nearby populations.

2.3 Hydroglaciological model

The hydroglaciological model used to simulate the
variation of the volume of the Carihuairazo gla-
cier is a simplification of the model made by Piedra
(2021) in Antisana. The model calculates the varia-
tion of the glacier volume monthly from an energy
balance that is made with vertical profiles of the
mass variation at different altitudes. Unlike other
more complex models where a hydrographic basin
with a glacial surface is considered and the flow
produced by the non-glacial glacier assembly is esti-
mated (Fernddez, 2018; Piedra Santillan, 2021), this
model is limited to the glacier. A dynamic division
of the glacier is considered for applying the model,
which depends on a temperature limit in the area of
accumulation and ablation. The equilibrium height
line (EHL) represents the height separating the two
zones (Juen, 2006).

2.3.1 Change in glacial volume

The model is applied to an annual (i) and monthly
timescale (j). The relationship between volume and
area of the glacier is given by the equation (Bahr and

Peckham, 1997):
Ve 1/t
aa= (")

Where Ag is the area of the glacier, Vg is the volu-
me of the glacier ab,c Vg is the calibration constants
(section 2.3.5). The variation in glacial volume (AVg)
for a given year is given by:

(1)

AVg, = (AVab; + AVac;) %

h
Where AVab is the volume variation in the abla-
tion zone, AVac is the volume variation in the accu-
mulation zone, p, and p; are the density of water

and ice, respectively.

2)

2.3.2 Ablation zone

The ablation zone is divided into two zones with
different contributions, the high (1) and low ({) zo-
ne, the delimitation of the zones is explained in sec-
tion 2.3.4. The variation in the ablation zone is es-
timated from the monthly sum in one year, the to-
tal precipitation volume (V p,), the melting volume
(V4er) and the sublimation volume (Vy,;):
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12
AVab; = Z (Vpabj —Vierj— Vsubj)

J=1

3)

Precipitation and sublimation volume are es-
timated by multiplying the ablation area by pre-
cipitation and sublimation height, respectively. It
should be emphasized that these terms are calcu-
lated separately for their use in equation 3. The
monthly sublimation was estimated with an empi-
rical relationship considering the latent heat turbu-
lent flow that depends mainly on wind speed and
humidity (Francou et al., 2004):

“4)

Where a is a constant for the homogeneity of the
equation, u is the average monthly wind speed in
m/s, q is the specific humidity and gs is the specific
humidity for the ice or snow surface under melting
conditions in each month. The calculation of speci-
fic humidity is based on the methodology proposed
by Pouyaud et al. (1995).

For the case of the melt volume, its estimation
is the sum of the melt volume in the high and low
ablation zone:

Snj=axuj*(q;—qs;)

Vaer TV j= Fj*Map T *Aap 11, 4)

Where F is a correction factor that depends on
the variation of the incident radiation by geographic
position, azimuth and slope,M,;, 1| is fusion in the
high and low ablation zone, and A, 1| is the high
and low ablation area. For the case of the Carihuai-
razo glacier, from the slope distribution analysis
and the altimetry of the mountain, a constant slope
of 25° and an azimuth of 270° have been estimated.
The correction factor is estimated as the monthly in-
cident radiation for the average incident radiation,
regardless of cloud cover because no data are avai-
lable. Melting is calculated as a function of tempe-
rature, where melting will only occur if the tempe-
rature in the zone is higher than the melting limit
temperature:

My T j=max{0(an 11)(Top T1; —Tim 1)} (6)

Where aj is the melting constant, 7, is the tem-
perature and 7, is the limit temperature in the
high and low ablation zone, respectively. The mel-
ting constants of each zone were calibrated (section
2.3.5). The limit temperature Tj;, 1 (separates the
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ablation zone from the accumulation zone) used has
been —1°C and for Tj;,, |(separates the ablation zone
in high and low) 0,5°C (Favier et al., 2004; Francou
et al., 2004; Pouget et al., 2017). According to Favier
et al. (2004), these thresholds represent the best co-
rrelation between daily accumulated snow values
and albedo variation for the case of Antisana. For
the monthly case, the temperature threshold sepa-
rates precipitation in liquid and solid state (Francou
et al., 2004).

2.3.3 Area of accumulation

The volume variation in the accumulation zone is
estimated from the difference between precipitation
and sublimation, since there is no melting in this zo-
ne. The equation is as follows, where S, is sublima-
tion in the accumulation zone and Aac is the area of
the accumulation zone.

12
AVacumi = Z (P/ — Sacj) *Aacj
j=1

)

2.3.4 Limit of altitudes, areas and temperatures

The limit altitudes are important variables that
allow the dynamic division of the glacier in the th-
ree zones (accumulation, high and low ablation).
The upper limit height (separates the accumulation
and ablation zone) and the lower limit height (se-
parates the upper and lower ablation zone) are esti-
mated with:

Til ~T, j
Hiim 1= % ®

Where T, is the air temperature at the refe-
rence station, H,. is the altitude of the reference
station and AT is the temperature gradient relative
to altitude, which is associated with variations in
atmospheric circulation and relative humidity avai-
lability (Villacis, 2008). This gradient is in the order
of -0,77°C,100 m~! to -0,31°C,100 m~! for the levels
of 500 and 600 hPa (Villacis, 2008). The temperatu-
re gradient used in the model was -0,34°C,100 m,
obtained from the stations and adjusted to the gla-
cier. This value is similar to -0,35°C,100 m~! used by
Pouget (2011) in the Paute basin (Ecuador).

+Href'

Using the evidence of the glacier contour with
the height limit of the extent, the area of the diffe-
rent zones of the glacier was estimated from a poly-
nomial function with respect to elevation. Using the
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equation, the area of direct accumulation zone (Aac)
and the area to the separation of the high and low
ablation zone (Aacab) are determined. Where the
areas of the high and low ablation zone are deter-
mined with:

Aab 1= Aacab 1; —Aac; ©

Aab | j=Ag; —Aacab T (10)

Finally, the temperature in the high and low
ablation zone for calculating the fusion is calculated
by estimating a mean height in each zone and using
a polynomial function that relates the temperature
with respect to the elevation.

2.3.5 Calibration of the parameters of the glaciolo-
gical model and estimation of uncertainty

The glaciological model requires four parameters
for its calibration (a, b, a; 1, a, ). Both the para-
meters of the glacier area-volume relationship, as
well as the melting constants of each zone were
calibrated using as an objective function the Nash-
Sutcliffe estimator between the available annual
observations of the glacier area and the model si-
mulation from a Newton second order optimization
method (Byrd et al., 1995). For calibration, calibra-
ted weather series of the reanalysis and the values
observed at the reference station were used. These
parameters are called model reference parameters.

To estimate the uncertainty regarding the annual
area of the glaciological model, the following proce-
dure was performed. First, 10000 series of monthly
data for each input weather variable were genera-
ted randomly. For each endpoint and each month,
the value was generated randomly following a nor-
mal distribution with a mean equal to the calibrated
value of the reanalysis or the observed value of the
endpoint and with a standard deviation correspon-
ding to the error between the calibrated values of
the reanalysis and the observed values of the refe-
rence station. For each set of series generated, cali-
bration of the parameters of the glaciological model
was performed. Subsequently, the model was run
with calibrated series of reanalysis and all calibra-
ted parameter sets (10000) were used to demonstra-
te the influence of calibrated parameters in the mo-
del. Finally, the 10000 runs of the model were per-
formed again with the different sets of weather se-
ries using the reference parameters. In this sense, it

LA GRANIA: Revista de Ciencias de la Vida 39(1) 2024:94-116.

©2024, Universidad Politécnica Salesiana, Ecuador.

was intended to evaluate the effect of uncertainty of
the input data of the model.

2.4 Community perception

The present study confronts the scientific informa-
tion that validates the physical loss of the glacier
thanks to hydrological and glaciological works with
the perception of the communities of the area. To
do this, we resorted to semi-structured interviews
addressed to two members of the community of
Cunucyacu. We participated in a general assembly
of the whole community, we interviewed eight gui-
des and climbers who frequently visit this moun-
tain, in this way we recorded and compared their
observations and perceptions on the retreat of the
Carihuairazo glacier in the last thirty years. We also
interviewed seven socio-environmental actors rela-
ted to the care of the wasteland that broadened the
view of this situation and its implications.

The community welcomed us at its general as-
sembly, held on September 11, 2020. The 56 partici-
pants of this meeting expressed that their main con-
cern regarding this phenomenon is limited to a pos-
sible decrease in visitors to the place. On the other
hand, they consider that water was not lacking since
the time of their grandparents, and although the re-
treat of the glacier is evident to them, they trust that
the loss of the Carihuairazo glacier will not affect
them significantly, and would have no problems in
the future associated with water management in the
area. Climate change and its consequences are not a
relevant problem in their discussions.

Interviews were also conducted with several
members of the community of Cunucyacu, such as
Mr. Luis Punina, who is a community guide of Cu-
nucyacu. The other interview was held on Septem-
ber 1, 2020. The other interview was held on Sep-
tember 11, 2020 to the five members of the commu-
nity board. The interview of Mr. Segundo Enrique
Punina (President of the council of the Cunucyacu
community) was done on September 16, 2020. Both
the community members and the eight climbers in-
terviewed agree on the dramatic glacial retreat in
Carihuairazo. Their concerns and motivations may
be different but they refer to the same origin of the
problem, the loss of the ice mass, leaving a serious
trauma in their perception of this environment, fe-
wer tourists, more dangers on the ascent routes, less
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water availability, and uncertainty about a future
without glaciers in the Andes.

3 Results and discussion

3.1 Results
3.1.1 Rainfall and temperature timeseries

A good correlation was determined between the
meteorological stations used in the study. The co-
rrelation coefficient reached a value of 0.67 and 0.82
for precipitation and monthly temperature, respec-
tively. From the validation process and data filling
with meteorological stations, the precipitation se-
ries was defined in the reference station from 2002
to 2017. For temperature, the series was defined
from 1995 to 2012 (Figure 2). Regarding the calibra-
tion with the data of the ERA5 reanalysis, statistical
de-escalation produced a reconstructed series from
1956 to 2022 for precipitation and air temperature
(Figure 2). The correlation coefficient between the
calibrated reanalysis series and the reference station
was 0.59 and 0.74 for precipitation and temperature,
respectively.

3.1.2 Climatic conditions on the glacier

The annual variation of precipitation and tempera-
ture in the study area can be seen in Figure 3. Pre-
cipitation varies between 458 and 1281 mm and the

Figure 4 was elaborated thanks to the photo-
graphic archive of the mountaineer Marco Cruz, in
which we show the temporal sequence of the gla-
cial retreat in Carihuairazo. According to the defini-
tion of the Chilean National Glacier Strategy (CECS,

3.2 Modeling of the Carihuairazo Glacier

The model was run from 1956 to 2022 and its results
can be seen in Figure 6. The model shows the re-
covery of the area of the glacier from 1956 to 1963,
followed by a stagnation period of several years and
then a significant increase between 1973 and 1976.
Starting this year, the glacier is showing a conti-
nuous retreat over time, with few recovery periods.
It can be observed that the model satisfactorily si-
mulates the evolution of the glacier area until 2010.
The model captures the general decreasing trend
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average is 770 mm. No trend can be seen in the tem-
poral variation of precipitation (positive percentage
variation factor of 3%). The wettest years are 1983,
1984, 1994, 1998, 2008 and 2017. On the contrary,
the driest years are 1961, 1962, 1986, 2003, 2009 and
2013. Regarding temperature, the average value is
0,7° and ranges from —0,3 to 1,7°C. Unlike precipi-
tation, temperature has a clear positive trend (per-
centage variation factor of 137 %). Excepting 1998,
the warmest year is 2013.

3.1.3 Glacier boundary between 1956 and 2021

There are barely 12 records of the contours of Ca-
rihuarizo glacier between 1956 and 2021 (Figure 4).
The records are based on aerial photographs and to-
pographic measurements, especially from 2003 on-
wards. There is only one previous record (1956). A
downward trend in the glacier’s surface area has
been identified from the first estimate for the year
1956. This surface will be considered as reference
for future estimates of the glacier contour for both
photographic records and model outputs. By 2003,
the glacier had already lost 30 % of its reference area.
Unfortunately, there is an information gap between
1956 and 2003, so it cannot be observed if there we-
re recovery periods of the glacier. By 2015, it was
already recording a 90 % loss compared to 1956. In
2017 and 2021, glacial loss reaches 96 % and 99 %,
respectively.

2009), a glacier is an ice mass of at least 0.1 km?
in length. If we consider that in 2017 the measured
area is 0.015 km?, confirming that the remaining ice
mass can no longer be considered as a glacier.

and variations in the area, including the recovery of
the glacier mass in 2008. For this period, the Nash-
Sutcliffe (nse) estimator is 0.82 and the mean square
error (rmse) is 0.01 km>. However, the model fails
to simulate the glacier area in 2015, 2017 and 2021.
Considering the whole period, the nse and rmse
reach a value of 0.77 and 0,03 km?, respectively.

The uncertainty associated with the input varia-
bles and model parameters are represented in Figu-
re 6. The smallest range corresponds to 10000 model

LA GRANIA: Revista de Ciencias de la Vida 39(1) 2024:94-116.

©2024, Universidad Politécnica Salesiana, Ecuador.



Carihuairazo glacier retreat and its perception in the Cunucyacu community

- - N
o [$)) o
o o o
I T T

a
o
T

Precipitacion Acumulada [mm]

Temperatura [°C]
- N
T T

o
T

1956 1960 1964 1968 1972 1976 1980 1984

1988 1992 1996 2000 2004 2008 2012 2016 2020

Figure 2. Monthly Precipitation (blue surface) and mean temperature (red surface) for a 95% confidence interval in the area
near Carihuairazo glacier after calibrating ERAS reanalysis data with observations of the reference station (black line) within the
period 1956 to 2022.
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Figure 3. Accumulated precipitation (blue bars) and mean temperature (orange line) in the area near the Carihuairazo glacier in
the period 1956 to 2022 obtained from the calibration of the ERAS reanalysis data with the reference station.

simulations with changes in input variables using
calibrated model reference parameters (Table 1). In
this case, the band increases in size in relation to the
years, and that the greatest uncertainty is seen in
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the last two decades. The second larger range co-
rresponds to 10000 model simulations with calibra-
ted parameters for each of the 10000 sets of input
variables.
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Figure 4. Map of the study area showing the evolution of the glacial retreat of Carihuairazo. The contours of the glacial surface
were first measured in 1956 through aerial photographs. There are different topographic field measurements from 2003 to 2021,
carried out by different research teams, which reveal the decrease of this ice mass. The blue outer contour shows the area consi-
dered as a reference recorded in 1956. On the other hand, the red polygon illustrates the last field measurement made in 2021.
Source: Adaptation of Caceres and Cauvy (2015) and Rosero et al. (2021).

In this case, it can be seen the greatest uncer-
tainty in the first 25 years and in the last 7 years
of the simulation. The range of uncertainty between
the 1980s and 2010 is similar to that of the first ran-
ge. Regardless of the combination, it can be seen
that the model clearly simulates the loss of mass of
the glacier, which increases from the second part of
the 80s.

Table 1. Calibrated hydroglaciological model parameters. The
range corresponds to 95 % of the 10000 values around the me-

shows these variables in the run period of the mo-
del. The predominant variable is fusion, being the
highest variable in 58% of the time. Precipitation
is the highest variable on 28 occasions, being 69 %
before 1980 and only on one occasion after 2000.
The sublimation is low in relation to the other varia-
bles, oscillating around 100 mm of water equivalent
height. In relation to the balance between inflows
and outflows, there is a deficit in 61 % of the time.
This explains the loss of glacier mass that is evident
in the variation behavior of the glacier area, where
a recovery can be observed in a few years

dian.
Parameter Range Calibrated value
a 0.013 - 0.028 0.014
b 1.27-2.01 1.35
a1 [mm/month/°C] 214 - 234 218
ay, J [mm/month/°C] 227 - 328 228

3.3 Discussion

3.3.1 Hydroglaciological model and influence of cli-

The model allows estimating the input and out-
put variables of the glacier that increase and re-
duce the size of the glacier, respectively. Figure 7
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matic and external factors

The hydroglaciological model was run since 1956,
corresponding to the first available measurement
of the glacier. To complement the data of the cli-
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Figure 5. Photointerpretation. The images correspond to the same perspective of the central summit of Carihuairazo, from the
southern flank belonging to the Marco Cruz archive. The circles of the same color show the same point on the mountain and how
it has varied from the 1970s to the early 2000s. The changes in the mountains in the five reference points considered during the
last decades of the 20th century can be seen. Today, the glacier can be considered practically extinct.
Source: Personal collection of Marco Cruz.

matic variables, the product of the reanalysis ERA5
was used. Reanalysis data have been used in other
studies in the region such as the case of the Anti-
sana volcano (Bradley et al., 2009; Manciati et al.,
2014; Basantes-Serrano et al., 2022). Manciati et al.
(2014) found that the variables of the NCEP-NCAR
reanalysis (Kalnay et al., 1996) combined with data
from regional stations have a good correlation with
glacial mass loss. Basantes-Serrano et al. (2022) used

The reconstituted temperature series presents
a clear positive trend that magnified more from
the year 2012. This trend is in accordance with re-
sults obtained at global (Hugonnet et al., 2021; In-
tergovernmental Panel on Climate Change (IPCC),
2022) and regional levels (Morédn-Tejeda et al., 2016;
Aguilar-Lome et al., 2019; Imfeld et al., 2021). The
temperature shows an increase of 0,14°C, a value si-
milar to 0,10°C found in the Peruvian Andes (Sei-
ler et al., 2013) and less than 0,25°C found in Ecua-
dor (Morén-Tejeda et al., 2016). Regarding precipi-
tation, no clear trend was found. In a study of cli-
mate trends in Ecuador,Moran-Tejeda et al. (2016)
did not find a significant trend in annual preci-
pitation in the inter-Andean region. Wet periods
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the ERAS reanalysis to estimate the effect of clima-
te and topography on the variation of Antisana vo-
lume, where it was found that the reanalysis series
was able to capture the seasonality of precipitation
and temperature on the west side of the volcano.
In this study, ERA5 reanalysis was used because it
showed a better correlation with the reference sta-
tion for temperature than NCEP-NCAR reanalysis.

such as 1965-1966, 1983-1984, 1993-1994, 1997-1998
and 2008 coincide with the standardized precipi-
tation evapotranspiration index found by Vicente-
Serrano et al. (2017) in the interandean region. A
clear increase in precipitation in the period 1983-
1984 coincides with the extreme El Nifio phenome-
non in that period. However, there is no signifi-
cant increase in the other extreme period of El Nifio
(1997-1998). This behavior coincides with the study
of dry and humid extremes in the city of Quito by
Dominguez-Castro et al. (2018). Dry years such as
1961-62, 1967, 1979, 1986, 1991, 2003 and 2009 coin-
cide with the results of Vicente-Serrano et al. (2017)
and Dominguez-Castro et al. (2018).
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Figure 6. Variation Simulation of the Carihuairazo Glacier area (1956-2022) as a product of the hydroglaciological model. The

red crosses correspond to the observed measurements of aerial photos (the first measurement in 1956 is represented in the model

as the final value in 1955). The dotted dark solid line represents the model simulation with the calibrated reanalysis series.

The light blue surface represents 95 % of the 10000 simulations performed with the variation of the input variables using the

calibrated parameters. The dark blue surface represents 95 % of the 10000 simulations performed with the calibrated reanalysis

input variables and the different parameter sets calibrated for the input variable variation. The darker blue band represents the
intersection of the bands described above.

The parameters calibrated from observations of
the glacier area are within typical values as eviden-
ced in the literature (Table 1). The parameters rela-
ting the area and volume of the glacier (a = 0,014
and b = 1,35) are similar to those recommended for
the study of the area-volume relationship of several
glaciers of Bahr and Peckham (1997), where values
of a=0.048 and b=1.36 are recommended. The pa-
rameter values obtained from the optimization of
10000 runs for different variations in the input va-
riables reveal a large dispersion (Table 1). Bahr et al.
(2015) performed a review of the area-volume re-
lationship of glaciers for parameters a and b, and
indicates that while parameter a can vary from gla-
cier to glacier and can even change over time, the
parameter should be fixed and its value should be
between 1,167 and 1.5, otherwise it could cause
inconsistencies in the mechanical equilibrium equa-
tions in glaciers. Grinsted (2013) also finds the value
of b within this range. However, Radi¢ et al. (2007),
in a study of the evolution of 37 synthetic glaciers,
found b values of 1.56 for stationary conditions, and
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even higher values (up to 2.90) for non-stationary
conditions, concluding that parameter b is higher
in warming scenarios (loss of glacial mass) and that
it tends to increase with a smaller initial glacial
size. This finding is in agreement with an evolu-
tion study of the small Chacaltaya glacier in Bolivia
(Ramirez et al., 2001), where parameter b can be
estimated from 2.05 in the period 1860-1998 from
annual topographic measurements and geophysi-
cal studies carried out on the glacier. In this study,
in 39% of cases parameter b is within the range re-
commended by Bahr et al. (2015). In 98 % of cases, b
is below 2.05. For the melting constants in the high
and low ablation zone, the calibrated values are clo-
se to the values recommended by Fernandez Yanez
(2010), of 180 and 240 mm/month/°C, respectively.
However, the values found are lower than the ran-
ge of 284 to 434 mm/month/°C used by Caro et al.
(2023) in a simulation of glacier mass loss in the tro-
pical Andean zone.

The development of the model allowed estima-
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Figure 7. Annual mass balance in the Carihuairazo Glacier (1956-2022). The bars represent the variables of entry (precipitation)
and exit (fusion and sublimation) that influence the mass balance of the glacier.

ting the variation in the volume of the glacier in
a period of 68 years. The model shows an increa-
se in the mass of the glacier until 1975 and later a
constant loss of its mass, except for a few years (e.g.
1999-2000 and 2007-2008) where there is a slight
recovery as a result of an excess in precipitation in-
puts or by the decrease in losses by sublimation and
fusion, the last reduced by the reduction of tempe-
rature in those years. This accelerated loss of glacier
volume since the late 1970s has been evident in the
Andean glaciers of the tropical zone (Rabatel et al.,
2013). Also, a worldwide significant decrease in
the volume of glaciers has been reported since the
beginning of the 21st century that coincides with
the increase in sea level (Hugonnet et al., 2021). In
Ecuador, a recession study of the Cotopaxi volcano
glacier (Jordan et al., 2005) showed a similar beha-
vior to that found in this study, where in the period
1956-1976 the Cotopaxi glacier maintained its mass,
and subsequently suffered a 30 % retreat of its mass
until 1997. In another study in the glacier of the
volcano Antisana (Basantes-Serrano et al., 2022), a
similar behavior can be evidenced except for the
period 1956-1964, where there was a significant re-
treat of the glacier, and the period from 2000, where
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although the glacier had losses of mass, the retreat
was not as significant as the period in the late 70’s
until 2000. This behavior differs from the retreat of
the Carihuairazo glacier, where mass loss is similar
between the 80s and the end of 2010. For the case of
the Chimborazo volcano glacier, the closest to Ca-
rihuairazo, the loss of the glacier area between 1962
and 1997 was 57 % (Caceres, 2010), which is similar
to the 48 % found in this study.

Although the model manages to successfully
simulate the glacier area until 2010, it cannot re-
produce the abrupt decline that occurs from 2011.
Looking at the precipitation and temperature in this
period, the temperature undergoes a considerable
increase in 2011 to 2016, and subsequently a slight
decrease (Figure 2). This variation in temperature is
reflected in the decrease of the glacial area, but the
loss of mass is not sufficient as seen in the observa-
tions. One factor that could explain the difference is
the relationship between the volume and the area of
the glacier. The model uses a constant ratio regard-
less of the size of the glacier. But this relationship
can change especially when the area is reduced, sin-
ce the influence of the topography of the mountain
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will be more prevalent (for example the presence of
bumps or depressions). This phenomenon could be
explained by the edge effect that Santos and Telle-
ria (2006) define as “the set of processes associated
with the increase of the perimeter/area relationship
that occurs with the advance of fragmentation”. Al-
s0, it should be considered that the reduction of the
glacier mass to such a small size (less than 0.1 km?)
can produce a change in the microclimate around
the glacier, producing an increase in temperature
that has not been evident. For example, the small
Chacaltaya glacier in Bolivia, which had an area of
0.25 km? at the beginning of the 1940s, has suffered
a retreat to extinction. By the beginning of the 21st
century, the retreat meant an outlet from the heat
supply for the melting of the glacier of 10 W /m?
(Ramirez et al., 2001), equivalent to an increase of
1,5°C.

Another factor that could be considered in the
simulation of the retreat of the Carihuairazo gla-
cier is the influence of the eruptive process of the
Tungurahua volcano. Vasconez et al. (2021) deter-
mined that in November 2015, 1.83E+06 m> of ash
were released into the atmosphere. According to
this same study the average wind direction during
the eruption was towards the west, northwest and
southwest. This research determined that the ac-
cumulated volcanic ash reached <100 g/m? in the
highlands of the eastern flank of Chimborazo vol-
cano. Due to the proximity of Carihuairazo to Tun-
gurahua volcano, the ash emanations of the volcano
were deposited in the glacier, partially covering the
surface of ice and snow, causing a reduction in al-
bedo. As a result, the ability to reflect shortwave
radiation to the glacier may have been diminished,
favoring melting and the subsequent glacier retreat
dynamics. The accumulation of ash on the glacial
surface of Chimborazo and Carihuairazo from the
eruptions of Tungurahua exacerbated the degla-
ciation process, as Cruz points out (2020, personal
interview): “A high albedo will reflect up to 90%
of the light energy, on the contrary, the Tungurahua
ash reduced the albedo in the glaciers of Chimbora-
zo and Carihuairazo, so that up to 80% of the light
energy was absorbed by the glacier, causing the for-
mation of large penitent fields”.

La Frenierre and Mark (2017) points out that
the decrease in albedo exacerbates the effect of gla-
cial surface warming, as observed in Kilimanjaro,
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in West Africa, where glacial retreat has been more
sensitive to the decrease in albedo, due to reduced
snowfall, than to increased temperatures.

The simulation of the model, the observations of
the glacier area and the record of the volcanic acti-
vity of Tungurahua have been elaborated (Figure 8)
with the information collected in the meteorological
stations, which relates for each year the behavior of
each of these variables in order to establish a possi-
ble connection between them and the glacial retreat
of Carihuairazo. In the period 2003 to 2017, it can
be observed that the variation in the glacier area
is mainly related to the temperature variation in
both the model results and the observations. On
the contrary, precipitation shows an inverse rela-
tionship in several years. Regarding the activity of
the Tungurahua volcano, an attempt has been ma-
de to characterize its activity in a qualitative way.
There is no obvious relationship between activity
and glacial area variation, but activity may explain
some differences between the model and observa-
tions.

For the period 200- 2009, despite the favorable
climatic conditions for a possible considerable re-
covery of the glacier, the coincidence of this pe-
riod with one of the most violent eruptive phases
of the Tungurahua volcano, we verify only a small
recovery of the Carihuairazo glacier. For the period
2010-2015, there is no significant increase in the ac-
tivity of the volcano that could explain the abrupt
reduction in the glacier area. In this sense, the sig-
nificant retreat in the area would be more related to
the edge effect in the upper part of the glacier.

3.3.2 Impacts on socioeconomic, environmental and
cultural systems

An attempt has been made to characterize the im-
pact of the glacier retreat on the Cunucyacu com-
munity. Both the community members and the
climbers interviewed agree on the dramatic glacial
retreat in the Carihuairazo, their concerns and moti-
vations may be different, but they refer to the same
origin of the problem, the loss of the ice mass leaves
a cultural trauma in their perception of this environ-
ment. More perils on the ascent routes, less water
availability, and uncertainty about a glacier-free fu-
ture in the Andes. The wasteland areas are the ones
that ensure the provision of water for populations at
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lower elevations. According to the research carried
out by Buytaert et al. (2017), it was determined that
the glacial contribution from Carihuairazo to the
flows of the area is not representative, since it is
below 4 %. Although the retreat of Andean glaciers
in Ecuador does not necessarily imply a decrease
in water availability by itself, it is a clear indicator
of the changes in conditions and temperatures of
this ecosystem, and it also reveals a number of vul-
nerabilities associated with climate change, such as
forced migration in search of better fields of cultiva-
tion, search for new water sources, better pastures,
etc.

For Ana Segovia (2021, personal interview), the
loss of the link with nature, specifically in the com-
munity of Cunucyacu, is due to the precarious li-
ving conditions that these people face. The lack of
quality education, the distances that children have
to travel to reach the community school, for exam-
ple, makes that people who can afford send their
children to study elsewhere, generating the condi-
tions of future migration. One consequence of this
phenomenon is that currently agriculture and lives-
tock are managed by older adults. Segovia believes
that it is also a problem of self-esteem, because it is
considered that having some kind of binding belief
with the mountains is wrong, not properly valued.
In addition, the general perception that associates
life in these areas with poverty and marginaliza-
tion is very present. This uprooting of communi-
ties in front of the paramo has its interpretation in
the change of land tenure, which for Luis Chicaiza
(2021, personal interview) is a structural problem,
since many communities were displaced from low,
more productive areas, to high land, less productive
for agriculture, forcing them to change land use in
their search for resources for their subsistence.

As for Susana Escandén (2021, personal inter-
view), water is one of the elements around which
conflicts, knowledge, economic dynamics, etc. oc-
cur, so it is important to consider this multidimen-
sionality of water when making comprehensive de-
cisions about it. In this sense, it explains another
way of understanding this process of disconnection,
due to the decrease of resources in these territories,
and which now no longer turn out to be as visible
or powerful as before.
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Based on the interview with Mr. Luis Punina, a
local community guide, the main concern they ha-
ve about the glacial retreat of Carihuairazo is the
consequences in the tourist area, above even the
possible implications in the availability of water for
the community. Since they have the idea that visits
to the sector are only due to the interest of approa-
ching the snowy mountain, and once the glacier
has disappeared, they have noticed a decrease in
tourists. It is important to consider that this study
has coincided temporarily with the confinement
measures decreed in the context of COVID-19. At
the meeting held with the community assembly on
September 11, 2020, the members expressed their
confidence that since the time of their grandparents,
they have not lacked water, and they are confident
that they will not be lacking in the future, regardless
of whether the Carihuairazo glacier will disappear
completely. So they show a complete disinterest
in generating plans and actions that allow them
to adapt to possible threats. Despite this, they ha-
ve already begun to look for new sources of water
supply from the Chimborazo glaciers.

Great respect for nature was one of the values
rooted in the worldview of the high Andean indige-
nous communities, but the new generations today
have a new way of understanding their environ-
ment as Mesias Usigfia (2021, personal interview)
points out. Factors such as religion, dispossession of
arable land, migration, changes in the ways of con-
sumption of communities and especially cities have
generated inadequate living conditions around the
mountains, the search for more resources has made
people separate from their symbols and beliefs.

The choice we face as a society shows on the one
hand the demand of care of the wasteland towards
the communities for all people who benefit from it,
and on the other hand is the legitimate remunera-
tion that cities owe to communities for their con-
servation actions of the wasteland. It is necessary
to establish the link between the urban and the ru-
ral, understand the origin of the water coming to
our cities, since it will help to make visible the need
for fair treatment with the communities that are res-
ponsible for the protection of the moors. It is im-
portant to value family peasant production systems,
which are those that provide the cities.
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Figure 8. Relationship between the variation of the surface of the Carihuairazo glacier, precipitation, temperature and volcanic

activity of Tungurahua between 2003 and 2017. The first graph shows the increase or loss of the area between each year in

relation to the year 1956 (0.34 km?), the bars correspond to the simulation of the hydroglaciological model and the red crosses to

the measurements of the glacier contour (only years followed by observations were included). In the second graph, standardized

precipitation is observed for each year. The third figure shows the standardized temperature in each year. The fourth graph shows
the characterization of the volcanic activity of Tungurahua in relation to ash emission and point events.
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Water should be considered “as a dynamizer
of the peasant community organization” (Chicaiza
2021, personal interview). This perception of water
as something more than just a resource, would faci-
litate the commitment of conservation of the sour-
ces from cities, towns and communities. Tensions
around the paramo reveal deeper issues of inequa-
lity and marginalization that motivate migration
processes in several aspects: land tenure, access to
quality education, access to basic services, access
to water of the same quality as that reaching the
big cities, etc. Attempts to slow the advance of the
agricultural frontier, care for water that others use,
are some of the many faces of this crisis. In the last
ten years, we have been able to generate data and
models on the possible climate scenarios that our re-
gion could face; however, this information has not
reached farmers and less so the communities that
inhabit the moors, so part of this awareness process
of climate change must be crossed by the democra-
tization of climate information, which allows them
to understand and adapt to the changes that are evi-
dent and that sooner or later will affect their ways
of life.

Although currently indigenous communities do
not specifically discuss climate change, it does not
mean that they are oblivious to this reality, since for
them a substantial change in their agricultural ca-
lendar is noticeable. Perhaps their discussions are
more focused on issues that are considered priori-
ties for their daily subsistence, and they will not be
able to properly articulate a climate change agenda
as long as their most basic needs are not met.

3.3.3 Adaptation needs, challenges and opportuni-
ties

The socio-economic context of Cunucyacu is com-
plex, since out of its 12,218 inhabitants, 95% of the
population live under poverty conditions, in an en-
vironment where not everyone has access to basic
services, and do not reach to cover the basic family
basket (GAD Parroquia Rural de Pilahuin, 2015).
Irrigation to support crops that are not normally
irrigated could become more important in the co-
ming years due to rainfall variability. Therefore,
irrigation infrastructure should enable this type of
assistance, through mobile spraying or drip irriga-
tion systems, and thus ensure food security for this
population (Gobierno Provincial de Tungurahua,
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We still do not fully understand the importance
of glaciers in hydrological cycles, and despite this
we do not have a network for monitoring and sur-
veillance of glacial behavior in the Andes, causing
serious uncertainties in the attempts to model the
behavior of these ice masses and their future in-
fluence on the water supply for our fields and cities.

3.3.4 Limitations of the research

Regarding the implementation and validation of
the hydroglaciological model, one of the limitations
was the available measurements. There are no sta-
tions on the glacier and the nearby weather stations
are rare. In addition, it is necessary to consider the
uncertainty of the reconstruction of the series from
the use of the ERA5 reanalysis. For this reason, there
is uncertainty in the time series of the input meteo-
rological variables used in the model that reaches
an error in the estimates of the area of the glacier
of 0.02 km?. However, the main limitation is the
limited number of measurements that serve to va-
lidate the model, which in this case are the measu-
rements of the glacier area. Unfortunately, between
1957 and 2000, there is no data for the glacier area.
The limited number of measurements of the glacier
area generates uncertainty in the values of the ca-
librated parameters of the model since there may
be the problem of equifinality, because there are not
enough restrictions to include the uncertainty of the
meteorological variables of entry. In this sense, the
average error in the estimations of the area reaches
0.05 km?* and is greater in the decades where there
are no observations. However, the model manages
to simulate the glacier retreat satisfactorily.

Regarding the perception of the community re-
garding the retreat of the glacier, the greatest limi-
tation faced by this research was the restrictions of
the COVID-19 pandemic that coincided with the ti-
me of field work. Another limitation was the com-
munity’s refusal to conduct perception surveys af-
ter meetings and agreements with the community’s
leadership. Therefore, it was not possible to have
a statistical input, to contrast with other preserva-
tion experiences of the paramo; interviews were
conducted with different actors working in research
tasks, water funds, leadership of indigenous organi-
zations, private reserves and international agencies,
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to obtain a broader view of the socio-environmental
situation of the paramos in Ecuador.

4 Conclusions

From a photographic record, community testimo-
nies and measurements of the contour of the Ca-
rihuairazo glacier, it is concluded that the Carihua-
rizado glacier has experienced a significant retreat.
Relative to the year 1956, the glacier has lost 97.1%
and 99.1% of its surface area by 2017 and 2021, res-
pectively. The use of a hydroglaciological model
evidences the loss of the glacial area from the late
70s, except for a few years where a slight recovery
is evident. The decline coincides with the positive
trend in temperature increase over the years, this
variable being the one that would have the grea-
test influence on the reduction of glacier volume.
The model used has some limitations and cannot
incorporate external factors such as ash fall from
the Tungurahua volcano.

The climatic and altitude conditions to which
this small mass of ice is subjected place it in a situa-
tion of inevitable extinction. Although the retreat
of Andean glaciers in Ecuador does not necessa-
rily imply a decrease in water availability by itself,
because it is mainly the moors that ensure the pro-
vision of water for populations, it is a clear indicator
of the changes in conditions and temperatures fa-
ced by this ecosystem.

It is necessary to persist on the need to collect
meteorological information in the areas near the
glaciers of the Ecuadorian Andes and to adjust mo-
dels that allow predicting their behavior in the co-
ming years to constitute a scientific basis that facili-
tates proposing adaptation measures.

The glacial retreat will affect some areas such as
the landscape and with it there could be an impact
on local tourism, but its impact on water supply
will be limited, however an articulated conserva-
tion process moor - glacier, considering it as com-
plementary elements, would allow better manage-
ment of policies and actions to implement.

Finally, the scientific community must maintain

links with the communities that are affected by this
glacial retreat, since finally it is the people who ma-
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ke this reality evident beyond the behavior of the
weather series.
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Abstract

The Puyo-Tena roadway is prone to landslides due to the geodynamics, geomorphology, and geological materials of
the area (unstable outcrops and strata). In recent years, this problem has persistently caused the road to be partially
or completely disabled on numerous occasions. The objective of the research was to generate a cartographic model
of landslides susceptibility based on variables such as slope, geological formations, land cover and land use, as well
as distances to faults, road, and rivers. The degree of landslides incidence was estimated as the linear combination of
the weighted variables using the analytic hierarchy process. The importance of this semi-quantitative method lies in
its ability to break down a complex decision problem into a simpler and more coherent decision model. The resulting
cartographic model was classified into five susceptibility categories: very low, low, moderate, high, and very high. The
results showed that 17 km out of the 80 km of the Puyo-Tena roadway have a high probability of landslides, which is
equivalent to 21.25% of the road. Furthermore, within this percentage, it was determined that there are fifteen regions
with a high probability of landslides due to their location in areas with steep slopes, porous and permeable lithology, a
large number of rivers, and agricultural soils. The area under the curve (AUC) of the receiver operating characteristic
(ROC) was used for model verification. The verification results showed that the cartographic model for the study area
has an accuracy value of 83.7%. The cartographic model of landslide susceptibility will enable relevant decisions to
be made to mitigate potential hazards that may endanger transporters, material goods, and residents of the area.
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Resumen

La carretera Puyo-Tena es propensa a deslizamientos de tierra debido a la geodindmica, geomorfologia y materiales
geoldgicos de la zona (afloramientos y estratos inestables). En los tltimos afios, este problema ha provocado de for-
ma persistente la inutilizacién parcial o total de la carretera en numerosas ocasiones. El objetivo de la investigacion
fue generar un modelo cartografico de susceptibilidad a deslizamientos a partir de variables como la pendiente, las
formaciones geoldgicas, la cobertura y uso de la tierra, asi como las distancias a fallas, carretera y rios. El grado de
incidencia de deslizamientos se estimé como la combinacioén lineal de las variables ponderadas mediante el proceso
de jerarquia analitica. La importancia de este método semicuantitativo radica en su capacidad para desagregar un
problema de decisién complejo en un modelo de decisién mas simple y coherente. El modelo cartografico resultante
se reclasificé en cinco categorias de susceptibilidad: muy baja, baja, moderada, alta y muy alta. Los resultados mostra-
ron que 17 km de los 80 km de la carretera Puyo-Tena tienen una alta probabilidad a deslizamientos, lo que equivale
a21,25% de la carretera. Ademads, dentro de este porcentaje, se determiné que existen quince regiones con alta proba-
bilidad de deslizamientos debido a su ubicacion en zonas con fuertes pendientes, litologia porosa y permeable, gran
cantidad de rios y suelos agricolas. Para la verificacién del modelo se utiliz6 el drea bajo la curva (en inglés AUC)
de la caracteristica operativa del receptor (en inglés ROC). Los resultados de la verificacién mostraron que el modelo
cartografico para el drea de estudio tiene un valor de precisiéon de 83,7 %. El modelo cartografico de susceptibilidad
a deslizamientos permitird tomar las decisiones pertinentes para mitigar eventos potenciales que puedan poner en
peligro a transportistas, bienes materiales y residentes de la zona.

Palabras clave: susceptibilidad, deslizamiento, proceso de jerarquia analitica, sistema de informacién geogréfica
(SIG), modelo cartogréfico de susceptibilidad.
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Landslides Susceptibility Analysis employing Analytical Hierarchy Process on an Amazonian

roadway in Ecuador

1 Introduction

Landslides are characterized as mass movements
of rocks, soil and debris down the slope under
the direct influence of gravity (Cruden, 1991; Cru-
den and Varnes, 1996). These movements are part
of the geological dynamics of the planet influen-
ced by human activities, rains or static overloads,
causing them to accelerate and in some cases be
catastrophic (Pourghasemi et al., 2018; Basu and
Pal, 2020). Landslide susceptibility indicates how
likely a specific area is to fail, either locally or re-
gionally (Hearn and Hart, 2019). This susceptibility
is usually expressed with a landslide susceptibility
mapping model showing the probability of lands-
lide occurrence, regardless of the time scale. The
relevance of these mapping models is that their
development is specific and detailed about a parti-
cular area.

Mapping to determine landslide susceptibility
analyzes variables that affect soil stability such as
geology, geomorphology, topography and distan-
ce to rivers (Raghuvanshi et al., 2014; Dahal and
Dahal, 2017, Hamza and Raghuvanshi, 2017; Vas-
quez, 2023). The development of susceptibility car-
tographic models considers data quality, spatial
resolution of the work area and the methodology
for the analysis and digitization of the variables
used (Mansouri Daneshvar, 2014). The develop-
ment of these models considers qualitative approa-
ches (such as the heuristic method and the Mora-
Charson-Mora method), quantitative approaches
(such as the deterministic method and the statisti-
cal method) or the union of both. Historically, the
first models to be developed consisted of qualitative
data with geological and morphological aspects of
landslides inventoried (Nilsen et al., 1979; Mallick
etal., 2018). Progressively, they were further refined
and included more robust analyzes such as analy-
tical hierarchy analyzes (Komac, 2006; TeS$i¢ et al.,
2020; Chanu and Bakimchandra, 2022), bivariate
(Van Westen, 1997; Jamir et al., 2022), multivariate
(Carrara, 1983; Benchelha et al., 2020; Pham et al.,
2021), logistic regression(Dai et al., 2001; Lee and
Min, 2001; Nhu et al., 2020, Wubalem and Meten,
2020), fuzzy logic (Ercanoglu and Gokceoglu, 2004;
Bahrami et al., 2021; Bien et al., 2022) and artificial
neural networks (Bragagnolo et al., 2020; Bravo-
Lopez et al., 2022; Gameiro et al., 2022).
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Qualitative methods are characterized by in-
corporating expert opinion based on small-scale
empirical results (Demir et al., 2013; Roccati et al.,
2021; Asmare, 2023). In general, the most com-
mon qualitative methods are limited to analyzing
the geological and geomorphological properties of
landslides inventoried. However, there are more
sophisticated qualitative methods such as semi-
quantitative methods (Nicu and Asandulesei, 2018;
Dolui et al., 2019). A semi-quantitative method uses
weighting and classification procedures in quali-
tative methods. A clear example is the analytical
hierarchy process developed by Saaty (1990), which
has been employed in this research. This method
has become a widely used tool as it helps decision
makers to choose the best criterion, reducing com-
plex decisions to a series of comparative pairs and
synthesizing the results (Sonker et al., 2021). Hence,
this tool has been widely used by several resear-
chers in the world for developing mapping models
for landslide susceptibility (Guillen et al., 2022; Oz-
turk and Uzel-Gunini, 2022; Salcedo et al., 2022;
Wang et al., 2022; Okoli et al., 2023).

A characteristic of the Amazon region of Ecua-
dor is the frequency of landslides around major
towns and major road networks (Gobierno Canto-
nal de Pastaza, 2020; Gobierno Provincial de Napo,
2020; Secretaria Técnica de la Circunscripciéon Te-
rritorial Especial Amazénica , 2021; Servicio Nacio-
nal de Gestién de Riesgos y Emergencias, 2022a,b).
However, the low spatial resolution of the suscep-
tibility models available at regional scale prevents
to know the susceptibility of point areas (Zumpano
et al., 2014). For example, the Puyo-Tena highway,
located between the provinces of Pastaza and Na-
po, does not have detailed studies by the decentra-
lized autonomous governments regarding the sus-
ceptibility to landslides as seen in the reports of the
Gobierno Cantonal de Pastaza (2020) and the Go-
bierno Provincial de Napo (2020). This road often
presents constant landslides that have affected the
road between both provinces (Ecoamazoénico, 2014,
2020, 2021; Correo, 2017; Obras Publicas Ecuador
, 2022). Therefore, this research aims to generate a
landslide susceptibility mapping model that identi-
fies the regions most prone to landslides along the
Puyo-Tena road. The route is considered an impor-
tant network connecting Ecuador with its Amazon
region.
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2 Study Area

The research was carried out on the Puyo-Tena
highway, between the provinces of Pastaza and Na-
po, in the Ecuadorian Amazon (Figure 1). The road
is bounded to the west by the Cordillera Real, to the
north by the canton Tena, to the east by the Basin
Oriente and to the south by the province of Pastaza.
In addition, it has a wide variety of landforms such
as mountainous regions, slopes and plains (Minis-
terio del Ambiente de Ecuador, 2014).

The aspects that comprise the study area are slo-
pe (from 5° to >70°), altitude (from 449 meters abo-
ve sea level (hereinafter m.a.s.l) to 1108 m.a.s.1), pre-
cipitation (from 3500 mm/year to 4500 mm/year)
and residual soils. In addition, the area of interest
has an average annual temperature of 23.5°C and
an annual precipitation of 4200 mm (Harris et al.,
2020). Certain areas of the slopes studied lack ve-
getation cover, porous lithology and heavy rainfall,
develop ideal conditions for high infiltration rates,
making them susceptible to landslides and soil ero-
sion (Laraque et al., 2004; Bravo et al., 2017).
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Figure 1. Location of the study area.

3 Materials and Methods

The Analytical Hierarchy Process (AHP) was used.
AHP is a semi-quantitative method based on the

120

evaluation of multi-criteria decision-making to treat
complex and multi-attribute problems (Gudiyanga-
da Nachappa et al., 2020). The analytical hierarchy
process developed by Saaty (1990) disaggregates a
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complex decision problem at different hierarchical
levels and allows to quantify opinions and trans-
form them into a coherent decision model. The
process is based on four principles: (i) hierarchy
development, (ii) peer comparison, (iii) judgment
synthesis and (iv) consistency check. This method
along with the weighted linear combination allows
to have the graphical representation of the most sus-
ceptible zones to landslide. In the end, the process
of analytical hierarchy confers the best choice for
the decision-making (Mallick et al., 2018; Basu and
Pal, 2020; Zhou et al., 2020). The process leading to
the landslide susceptibility mapping model is detai-
led below.

3.1 Landslide Inventory

According to Wieczorek (1984), it is necessary to
provide a landslide map to discern locations and

specify landslides that have occurred with different
spatial and temporal scales. Thus, a representative
landslide database is a prerequisite for any lands-
lide hazard or risk assessment (Varnes and Inter-
national Association of Engineering Geology, 2021;
Guzzetti et al., 1999); and a landslide susceptibility
mapping model is no exception. Using orthophoto-
graphs as a base, landslides were identified which
were later confirmed in the field by three days of
travel (July 27th, 28th and 29th, 2021). In addition,
as a result of the in situ tour other landslides we-
re found. Each landslide found was georeferenced
and characterized according to its lithology and ty-
pe of landslide. In total, 62 landslides were identi-
fied along the highway of interest. The largest slides
are shown in Table 1 and Figure 2.

Table 1. Representative part of the inventory of landslides found on the Puyo-Tena road.

Inventory Degree-Decimal Coordinates Geological Slide
Longitude Latitude Formation Type
1 —77.8088° —1.1159° Arajuno Rotational
2 —77.7947° —1.0978° Chalcana Fall
3 —77.7933° —1.0936° Chalcana Fall
4 —177.7905° —1.0831° Chalcana  Rotational
5 —77.7912° —1.0789° Tiyuyacu  Rotational

3.2 Preparation of the Layers of the Sliding
Variables

All the information was collected from governmen-
tal and educational sources. This information is lis-
ted in Table 2. The variables to be considered in
the susceptibility to landslides were geological for-
mations, slope, geological faults, road construction,
distance to rivers and land cover and use (herei-
nafter CUT). The selection of the six variables and
their categories was based on the information ob-
tained in the field and office. Similar studies in the
region support the importance of taking into ac-
count this type of variables in the development of
landslide susceptibility mapping models (Klime$
and Rios Escobar, 2010; Ortiz and Martinez-Graiia,
2018; Barella et al., 2019; Orejuela and Toulkeridis,
2020; Vasquez, 2023). Categories refer to the dif-
ferent divisions of each variable; for example, the
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Napo, Tena, and Mera formations are categories of
the variable geological formations. Subsequently,
the selected variables were converted into thematic
layers as an initial step in the development of the
mapping model of susceptibility.

All subject layers were rasterized with a pixel
resolution of 12.5 m. All the weights made for the
six variables and their categories were selected ac-
cording to the analyzes carried out in the field and
office. The reclassifications for each thematic la-
yer were performed based on the data obtained
from each variable. Subsequently, the thematic la-
yers were combined, analyzed with the AHP, using
the Weighted Linear Combination (WLC) which is
an analytical and hybrid method (qualitative and
quantitative) used in GIS to process raster layers
(Feizizadeh and Blaschke, 2013).
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Figure 2. Landslides according to the inventory in Table 1: a) is 1, b) is 2, ¢) is 4, d) is 3 and e) is 5.

The distance to geological faults, roads and ri- study area. All spatial analysis procedures were
vers were calculated using the buffer tool in QGIS. performed on the free software QGIS version 3.4
The slope was obtained from a Digital Elevation Madeira (Figure 3).

Model (DEM) of 12.5 m pixel resolution for the
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Table 2. Data sources used for the study.

Data Description Source
Orthophotos Downloaded SIGTIERRAS PROGRAM
(Resolution 0.30 m) http://www.sigtierras.gob.ec/
Digital Elevation ASF
Model- DEM Downloaded

(Resolution 12.5 m)

https://search.asf.alaska.edu/#/

Derived from

Slope the 12.5 m DEM DEM 12.5m
Geological MAGAP
Formations Downloaded http://geoportal.agricultura.gob.ec/
Geological Faults Downloaded SARA PROJECT
https://sara.openquake.org/start
IGM
Roads Downloaded http://www.geoportaligm.gob.ec/portal/
. IGM
Rivers Downloaded http://www.geoportaligm.gob.ec/portal/
Land Cover and MAGAP
Downloaded

Land Use (CUT)

http://geoportal.agricultura.gob.ec/
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All vector subject layers were rasterized with
pixel resolution of 12.5 m x 12.5 m. Rasterization
allowed the six thematic layers to be combined and
form a single raster layer. The pixel resolution of
12.5 m was selected because the DEM was worked
with this spatial resolution. The procedure for each
of the variables is detailed below.

Slope

The slope values were extracted from the DEM of
12.5 m pixel resolution. The slope is an indispensa-
ble variable, since depending on its inclination an-
gle it will cause that there is greater or lesser sus-
ceptibility to landslides (Dolui et al., 2019; Nguyen
et al., 2019; Bahrami et al., 2021). In this study, this
topic layer was obtained using the QGIS gdaldem
library; and it was categorized into six parts: < 5°,
5-12°, 12— 25°, 25— 40°, 40- 70° y >70° (Figure 4a).
The categorization was based on the reclassification
established by the data source (Table 2). The weight
values and the other variables are detailed in the re-
sults.

Geological Formations

Geological formations depending on lithology, per-
meability and soil consolidation will greatly in-
fluence the likelihood of landslides (Althuwaynee
and Pradhan, 2017; Salehpour Jam et al., 2021). For
developing this thematic layer, a total of seven geo-
logical formations, alluvial deposits, colluvial depo-
sits and others (without description) along the road
of interest were recorded (Figure 4b). The categori-
zation was based on observations from recent for-
mations and deposited.

Distance to Geological Faults

Areas with active faults are susceptible to landslides
(Demir et al., 2013; Ozdemir, 2020). The areas closest
to this area are more likely to occur due to landsli-
des, due to intense shear. For developing this the-
matic layer, distances to failure were categorized in-
to five classes: <200 m, 200- 400 m, 400- 600 m, 600-
1000 m and >1000 m (Figure 4c). This categorization
was based on observations of outcrops affected by
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the fault zones, which appeared up to 1000 m. In
addition, the faults present in the study area corres-
pond to quaternary faults, approximately <1.8 Ma.

Distance to Road

Roads located in slope areas condition that there is
greater susceptibility to landslides, due to the pre-
sence of infrastructure, colonization process, emer-
gence of new settlements and connections with
other roads (Igwe et al., 2020; Panchal and Shrivas-
tava, 2020). During the fieldwork, because of these
four factors it was evident that there were outcrops
affected located up to 750 m from the road line. For
this reason, this thematic layer was categorized in-
to four classes: <250 m, 250- 500 m, 500- 750 m and
>750 m (Figure 4d).

Distance to rivers

Rivers erode the terrain, thus favoring landslides
(Achour et al., 2017; Tesi¢ et al., 2020). In the field,
landslides located up to 750 m measured from the
margin of the rivers were evidenced. There was
a higher number of landslides near rivers and a
higher displacement mass, compared to more dis-
tant regions where there was a lower number of
landslides. Therefore, for this thematic layer, rivers
were categorized into five classes: <50 m, 50- 250 m,
250- 500 m, 500- 750 m and >750 m (Figure 4e).

Land Cover and Use (CUT)

The CUT is an important variable involved in lands-
lide processes. The removal of forests to convert
them into grasslands, agricultural areas or areas of
urban expansion, intensifies the erosion and flow
of flows when there is precipitation. These events
largely favor the occurrence of landslides (Guevara
etal., 2020; Roccati et al., 2021). For the development
of this last thematic layer, five land use categories
were registered: Agriculture, Area without Vegeta-
tion Cover, Forest, Shrub Vegetation and Anthropic
Zone (Figure 4f). Water bodies were excluded be-
cause they were analyzed in the distance to rivers
variable.
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Figure 4. Thematic layers of variables along the Puyo - Tena road: (a) Slope, (b) Geological Formations, (c) Distance to Faults,
(d) Distance to Road, (e) Distance to Rivers and (f) CUT.
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3.3 Susceptibility Mapping

For the application of the AHP method, it is es-
sential to assign a relative weight to the variables.
Mathematical calculations to obtain the values of
each step of the AHP were performed using the RS-
tudio software. The steps used are described in de-
tail below. a) Development of the hierarchical struc-
ture of the variables. b) Matrix of judgments by
pair comparison. Relative weight according to Ta-
ble 3 (Saaty, 1977). Applying the criterion of this ta-
ble, it was decided which variable is more influen-
tial in relation to another variable. Priority was es-

tablished and the six variables were weighted. (c)
Synthesis of comparative judgements. Calculation
of the final priority of each variable according to
the table (Saaty, 1977). At this point the final nor-
malized weighting of each variable was obtained,
thus determining how much the variables contribu-
ted to meet the objective. d) Consistency evaluation.
It allowed to verify if the weights of the comparati-
ve judgments had logic. €) Combination of thematic
layers and obtaining the mapping model of suscep-
tibility. f) Reclassification of the final mapping mo-
del of susceptibility.

Table 3. Fundamental Scale of Saaty (1977).

Value Definition Explanation
. Two decision items influence the main
1 Equally important S
decision item equally.
3 Moderately more One decision element is moderately
important more influential than another.
. One decision element has more
5 Much more important .
influence than another.
7 Really much more One decision-making element has a significantly
important greater influence than the other.
The difference in decision between
Extremely . ..
9 . the influences of the two decision
1mportant . Lo
elements is extremely significant.
2 4.6.8 Intermediate Judgment  Values of judgment among equals, moderately,

Values

much, and extremely.

Once the weights were made, using the calcula-
tion of coherence or radius of coherence (CR), it was
determined whether the calculation concluded co-
rrectly or not, described in the Eq (1). Thus, it was
possible to recognize if there was coherence in the
comparison of importance range of each variable.

cI
=X ey
Where, RI (Table 4) refers to the random consis-
tency index; instead,CI refers to the consistency in-
dex, described in Eq (2). The RI index is a defined
value that is part of the AHP method.

CR

Cl — Mnax — 1t

2

n—1
Where,Ayqy is the eigen maximum value and is

calculated from the array and n is the order of the
array. According to Saaty (1990), the coherence ratio
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must be less than or equal to 10% or an imprecision
of less than 10 %. The principle is to compare judg-
ment with random comparison of elements. Finally,
the weights integrated the different causal classes
in a single index of susceptibility to landslides, LSI
using the Eq (3) (Saaty, 1990).

LSI =Y R;xW, 3)

n
i=1

Where, R; are the classification classes of each
variable and W; are the weights for each of the con-
ditioning variables of the landslides. The resulting
cartographic model LSI was reclassified into five
susceptibility classes: very low, low, moderate, high,
and very high. These five divisions were made ac-
cording to the method of quantiles using the pixel
values of the final cartographic model of susceptibi-
lity to landslides.
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3.4 Validation of the Cartographic Model

An adequate validation is obtained by comparing
the final mapping model, developed from the AHP
method with the landslide inventory map (Basu
and Pal, 2020; Ozdemir, 2020). The validation was
performed using the Receiver Operating Characte-
ristics (ROC) method, which has been widely used
for this type of studies (Igwe et al., 2020; Bahrami
et al., 2021; Salehpour Jam et al., 2021; Kincal and

Kayhan, 2022).

The ROC curve is used to graphically show the
correlation between the true-positive rate and the
false-positive rate (Soeters and Van Westen, 1996;
Williams et al., 1999; Althouse, 2016). The area un-
der the curve (AUC) of the ROC curve, the closer
it is to 1.0, the better the prediction of the mapping
model; however, the closer it is to 0.5, the more un-
reliable the model will have a random prediction.

Table 4. Index of Random Consistency of Saaty (1990).

n 1 2 3 4 5

6 7 8 9 10

RI 0 O 058 09 1.12

124 132 141 145 149

4 Results

4.1 Analytic Hierarchy Process

Hierarchy and pair comparison allowed to know
the influence degree of the variables of landslides
(Table 5). The most outstanding variables were slo-
pe, geological formations, distances to rivers and
land cover and use, while the least influential were
road distances and faults. The analysis of the co-
herence radius for each variable and for the final
susceptibility cartographic model obtained a value
lower than 0.10 (Table 5 and Table 6). These values
reflect that the AHP procedure was performed co-
rrectly. After hierarchization, pair comparison, com-
parative judgments and consistency assessment, the
final matrix was obtained with the weights of the
six variables to make final landslide susceptibility
model (Table 6).

The final landslide susceptibility model was re-
classified into five classes: very low, low, moderate,
high and very high (Figure 5). Based on data from
the table (Table 7), the susceptibility area percenta-
ges were very low (0.64 %), low (31.96 %), moderate
(50.87 %), high (15.83 %), and very high (0.70%). On-
ce the model was completed, it was found that there
are fifteen regions in the Puyo-Tena road with high
and very high susceptibility classes (Figure 5 and
Table 8), where four of them are located near the
towns of Puyo, Santa Clara, Arosemena Tola and
Puerto Napo. The 15 regions were selected after ob-
servation and analysis of the final model. The in-
ventoried landslides were placed on the final car-
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tographic model and most of them were located
within these fifteen regions of high and very high
susceptibility to landslides.

4.2 Validation of the Cartographic Model

The “ROCR” library of the “ROCR” package was
used in the RStudio software to evaluate the accu-
racy of our landslide susceptibility mapping mo-
del. Analysis of the ROC curve revealed an AUC of
0.837, indicating a predictive accuracy of 83.7 % (Fi-
gure 6). This metric is a reliable measure to evaluate

the performance of the model in predicting landsli-
des.
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Table 5. Matrix of hierarchy and pairs comparison of variables.

Variables Categories Weighting  Variables Weights CR
g Categories Weighting Categories Variables
Alluvial 2 0.039 0.0032
Deposit
Tena 8 0.154
Formation
Mera 7 0.135
Formation
Arajuno 8 0.154
Formation
Chambira
Geological Formation 6 7 0-115
Formations Nap(? 5 0.097
Formation
Tiyuyacu 6 0.115
Formation
Chalcana 5 0.097
Formation
Coluv1a.111 4 0.077
Deposit
Otros 1 0.020
<200 9 0.359 0.0011
200 — 400 7 0.280
Failures 400 - 600 5 2 0.199
600 — 1000 3 0.120
>1000 1 0.039
<5° 1 0.039 0.0028
5-12° 2 0.077
12 -25° 4 0.154
Slope 25— 40° 5 ? 0.193
40-70° 8 0.308
>70° 6 0.230
<250 7 0.411 0.0033
Distance to 250 - 500 5 3 0.294
Roads 500 - 750 3 0.176
>750 2 0.118
<50 9 0.375 0.0017
Distance to 50 - 250 7 0.292
k. 250 - 500 4 6 0.167
tvers 500 — 750 3 0.125
>750 1 0.043
Agriculture 7 0.368 0.0039
Vegetation
Uncovered 1 0.053
Area
cuT Forest 4 > 0.211
Shrub 5 0.263
Vegetation
Anthropic Zone 2 0.105
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Table 6. Pair comparison matrix and final weighting of each landslide variable.

Peer Comparison Matrix oy, Final
Geological Weighting CR
Slope g Rivers CUT Roads Failures

Formations
Slopes 1.00 0.281
Geological ) 7¢ 1.00 0.219
Formations 0.0039
Rivers 0.67 0.86 1.00 0.187 ’
CUT 0.56 0.72 0.84 1.00 0.157
Roads 0.34 0.43 0.50 0.60 1.00 0.094
Failures 0.23 0.29 0.34 0.40 0.67 1.00 0.063

5 Discussion

In this research, the GIS-based AHP method was
used as a multicriteria evaluation method to iden-
tify areas susceptible to landslides on the Puyo-
Tena road. The data presented from the six varia-
bles show how they influence landslide suscepti-
bility along the study road; similar situation was
observed in Hepdeniz (2020) and Chanu and Ba-
kimchandra (2022). As a result of hierarchization,
peer weighting, comparative judgments and the
value obtained in the consistency radius (CR <0.1),
the weights made in the variables are reliable and
were correctly performed. In addition, with the va-
lidation of the cartographic model using the area
under the AUC curve of the ROC curve, 0.837 was
obtained, supporting that the quality of the suscep-
tibility landslide model is very good (Roy and Saha,
2019; Sonker et al., 2021).

Compared to similar studies carried out on
roads in other countries, different results were ob-
served than those obtained in this research. The
Indian road studied by Panchal and Shrivastava
(2022) showed a value close to our study, with
an AUC of 0.825. On the other hand, the China-
Pakistan road studied by Ali et al. (2019), obtained
an AUC of 0.72, while the road studied in Algeria
by Achour et al. (2017), achieved an AUC value of
0.66. This brief comparison reveals the variability
of AUC values in studies conducted in different re-
gions of the world. This variation will be related
to the number of landslides inventoried and the
quality of the final landslide susceptibility mapping
model.

According to the 1000 m buffer analyzed along
the study road, 16.53% (25.38 km?) correspond to
potential regions for landslides distributed 15.83 %
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(24.31 km) in high and 0.70% (1.07 km) in very
high susceptibility. The rest, approximately 83.57 %
(128.14 km?) of the road, does not represent a great
risk for a possible landslide.

Table 7. Areas of categories of the landslide susceptibility map-
ping model.

Susceptibility Area  Area
Categories  [km?]  [%]
Very Low 0.97 0.64
Low 49.07  31.96
Moderate 78.10  50.87
High 2431 15.83
Very High 1.07 0.70
Total 153.52  100%

According to the landslide susceptibility LSI
mapping model (Figure 5) and the data shown in
Table 8, approximately 17 km of approximately 80
km of the Puyo- Tena road are landslide suscepti-
ble, i.e., 21.25% of the road is landslide-susceptible.
Once analyzed the variables in situ and digitally, it
was determined that the four most important varia-
bles to intervene in landslide processes in this study
site are slope, geological formations, distances to ri-
vers and CUT; on the contrary, the remaining two
variables, distance to road and distance to faults, are
the ones that have less influence. For this research
the analyzed variables have this hierarchy, but as
He and Beighley (2008) mention, perhaps in other
conditions and another area of study, the less in-
fluential variables could be more determinant. For
example, if a road under construction is passing th-
rough steep mountains (Pourghasemi et al., 2012),
or if the study area is near areas of active fault cau-
sing earthquakes (Abedini et al., 2017), they would
be the main variables for landslide susceptibility.
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Table 8. Main regions of the Puyo- Tena road with high and very high susceptibility to landslides.

km

Degree-Decimal

km Degree-Decimal

Region [Home] Coordinates [End] Coordinates
Longitude Latitude Longitude Latitude
1 0.125 -78.0500 -1.5088  3.692 -78.0236 -1.4993
2 14.163 -77.9987 -1.4235  14.275  -77.9988 -1.4225
3 29.018 -77.9238 -1.3486  29.329  -77.9224 -1.3465
4 36.498 -77.8880 -1.3119  36.765  -77.8858 -1.3111
5 38.933 -77.8822 -1.2963  39.679  -77.8840 -1.2914
6 41.097 -77.8897 -1.2853 42424  -77.8898 -1.2746
7 44.583 -77.8886 -1.2569  48.331  -77.8821 -1.2304
8 56.780  -77.8547 -1.1634  57.653  -77.8511 -1.1568
9 59.150  -77.8425 -1.1470  60.820  -77.8328 -1.1361
10 63.517 -77.8169 -1.1197 63938  -77.8137 -1.1217
11 66.121 -77.8053 -1.1076  66.700  -77.8018 -1.1042
12 67.864  -77.7920 -1.1051 68.886  -77.7947 -1.0973
13 70.238 -77.7901 -1.0871 70937  -77.7916 -1.0812
14 72.836  -77.7904 -1.0657  73.655  -77.7912 -1.0597
15 75.536  -77.7966 -1.0459  76.381  -77.7951 -1.0391

Based on the results, it is determined that there
are fifteen regions of the road with a high proba-
bility of landslides (Figure 5 and Table 8). Most of
these regions are located outside the main towns
except for regions 1, 6, 8 and 15, which are loca-
ted near the towns of Puyo, Santa Clara, Arose-
mena Tola and Puerto Napo, respectively. Despite
the proximity, it does not represent a latent risk to
the inhabitants of these sectors. For this study, the
slope is the most important variable because most
of the landslides inventoried show features of being
influenced by the upwelling inclination; similar sce-
nario in the studies carried out by Dolui et al. (2019)
and Bahrami et al. (2021).

Most landslides occur in areas with slopes >40°,
specifically in the range of 40°- 70°. Geological for-
mations are considered the second important inci-
dence variable, since their lithological constitution,
geomechanical resistance and porosity are involved
in the occurrence of landslides. The physical con-
ditions of each geological formation have different
influences for the appearance of landslides. Geolo-
gical formations, such as Chambira, Tiyuyacu, Me-
ra, Tena and Arajuno, have porous lithology, low
geomechanical resistance and low resistance to per-
meability; for this reason, they have a large number
of landslides. Rivers are the third important varia-
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ble. The different rivers cross different areas of high
and low slope, thus favoring soil erosion and loss
in soil resistance. Most landslides were found near
the rivers, giving a clear idea that it is an important
variable in landslide processes. Finally, CUT is also
considered an important variable. Land-use change
causes soil degradation, loss of mechanical strength,
and increased water infiltration and therefore grea-
ter susceptibility to landslides. All these aspects are
influenced by anthropic activities, which are clearly
observed along the Puyo- Tena road. In contrast, the
distance to the road and the distance to faults have
the least influence on landslides. There is a lot of
traffic in the road Puyo - Tena, but the movements
originated by vehicles or human activities do not
influence to a great extent the landslides.

Geological faults are triggers of earthquakes,
which generate ground movements. Earthquakes in
the Amazon are not too frequent compared to other
regions of the country, and the effects have been
slight (Rivadeneira et al., 2007). On the study road
these earthquakes have low magnitude and little
periodicity and do not have great impact for landsli-
des. For this reason, these two variables are the ones
that least influence the occurrence of landslides in
the study area.
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Figure 5. Landslide Susceptibility LSI cartographic model using the AHP method. Regions of the Puyo- Tena road.

Finally, new cartographic methods have been deve- ral networks, machine learning and AHP, which is a
loped in recent decades for analyzing the suscepti- method based on landslide inventories and statisti-
bility to landslides such as logistic regression, neu- cal analysis, multicriteria, expert judgment, hierar-
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chization, among others. Six variables that are com-
monly present in landslide processes were taken in-
to account. The hierarchization of each of them was
subject to the landslide inventory and the knowled-
ge of the study area. From the four principles of the

AHP method it was possible to obtain a mapping
LSI model of susceptibility to landslides, and thus
determine the main regions susceptible to landsli-
des of the Puyo- Tena road.

1.0

0.8

086

True positive rate
04

0.2

0.0

0.4

T T T
0.6 0.8 1.0

False positive rate

Figure 6. The ROC curve of the landslide susceptibility mapping model using the AHP method.

6 Conclusions

The susceptibility to landslides on the Puyo- Te-
na road, assessed by the AHP method, allowed a
quick and practical manipulation of the physical
data of the study area. The mapping LSI suscep-
tibility model was obtained through the hierar-
chization, weighting and digitalization of the six
variables involved in the research. Validation via
the AUC/ROC method yielded a value of 0.837
corresponding to a predictive accuracy of 83.7%,
supporting the quality of the cartographic model
developed. The application of the AHP method
allowed to identify the most influential variables,
which were slope, geological formations, distances
to rivers and land cover and use. Firsthand, the LSI
model was reclassified into five susceptibility clas-
ses, obtaining surfaces of 0.64%, 31.96%, 50.87 %,
15.83% and 0.70% for the classes of very low, low,
moderate, high and very high, respectively. It was
determined that approximately 17 km of the ap-
proximately 80 km of the Puyo-Tena road are sus-
ceptible to landslides, i.e. 21.25% of the road has
potential to landslides. In addition, it was known
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that the studied road has 15 regions between high
and very high probability for landslides. These re-
gions were located on areas of high slope, porous
and permeable lithology, a large number of rivers
and soils suitable for agriculture. In addition, re-
gions 1, 6, 8 and 15 were located near the towns
of Puyo, Santa Clara, Arosemena Tola and Puerto
Napo, respectively. These regions, despite their pro-
ximity to the towns, apparently do not represent a
risk to the inhabitants of the sector.

The landslide susceptibility mapping model
provides information consistent with the landsli-
de inventory collected in the field. This model can
be operated by governmental or non-governmental
institutions that aim at land use planning and land
management or similar purposes. The susceptibi-
lity model will allow decisions to avoid potential
dangers that threaten the life and well-being of the
population, plan an efficient road network, consi-
der the best options for urban and rural expansion,
including developing construction policies adjacent
to the roads.
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Abstract

Bovine mastitis is a disease that affects the farms of small and medium producers in the cantons of Cayambe and
Pedro Moncayo, Pichincha Province-Ecuador. Treating this disease is not easy due to the different microorganisms
that cause it. This study focused on the molecular determination by means of polymerase chain reaction (PCR) of the
etiological agents of mastitis, having multiple advantages when recognizing family, gender and species of microor-
ganisms. It is a method capable of detecting resistance genes of antibiotics, an important analysis when diagnosing
and treating diseases. The aim of this research is to identify bacteria causing bovine mastitis by using biochemical and
molecular tests. Biochemical tests such as: Gram staining, Catalase, Coagulase, and Mannitol Salt Agar were efficient
to obtain pure strains and determine the gender of some bacteria. Specific primers (RNA16S) were used for the mo-
lecular identification of 9 etiological agents causing the disease in the productive units. The microorganisms found
were Staphylococcus pasteuri, Staphylococcus warneri, Staphylococcus sp., Staphylococcus epidermidis, Staphylococcus aureus,
Staphylococcus saprophyticus, Sphingomonas sp., Streptococcus dysgalactiae, Streptococcus uberis, mostly present in clinic
mastitis. To detect resistance genes, specific primers were used, of which 7 samples presented the gene for resistance
to blaTEM (B-lactam) and 6 samples presented the gene for resistance to tetA (tetracyclines). Multi-resistance was
identified in the species Staphylococcus pasteuri, Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus uberis,
Sphingomonas sp.

Keywords: Mastitis, PCR, sequencing, biochemistry.
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La mastitis bovina es una enfermedad que afecta a las ganaderias de pequefios y medianos productores de los can-
tones Cayambe y Pedro Moncayo, Provincia de Pichincha-Ecuador. El tratamiento de esta enfermedad resulta com-
plicado debido a la variedad de microorganismos que la provocan. El presente estudio se enfocé en la determinacién
molecular por medio de reaccién en cadena de la polimerasa (PCR) de los agentes etiolégicos de la mastitis. Esta
técnica presenta multiples ventajas al reconocer familia, género y especie de microorganismos, y es un método capaz
de detectar genes de resistencia de antibiéticos, lo que resulta importante al momento de diagnosticar y tratar enfer-
medades. El objetivo de esta investigacion se centré en la identificacién de bacterias causantes de la mastitis bovina,
utilizando pruebas bioquimicas y moleculares. Las pruebas bioquimicas como tincién Gram, Catalasa, Coagulasa, y
Agar Manitol Sal fueron eficientes para obtener cepas puras y determinar el género de algunas bacterias. Se utilizaron
primers especificos (RNA16S) para la identificacion molecular de 9 agentes etiolégicos causantes de la enfermedad
en las unidades productivas. Los microorganismos encontrados fueron; Staphylococcus pasteuri, Staphylococcus warneri,
Staphylococcus sp., Staphylococcus epidermidis, Staphylococcus aureus, Staphylococcus saprophyticus, Sphingomonas sp., Strep-
tococcus dysgalactiae, Streptococcus uberis, la mayoria presentes en mastitis clinica. Para detectar genes de resistencia se
utilizaron primers especificos, de los cuales 7 muestras presentaron el gen para resistencia a blaTEM (B-lactamicos)
y 6 muestras presentaron el gen para resistencia a tetA (tetraciclinas). Se identificé multirresistencia en las especies:
Staphylococcus pasteuri, Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus uberis, Sphingomonas sp.

Palabras clave: Mastitis, PCR, secuenciacién, bioquimica.
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Molecular determination of the etiological agent of bovine mastitis from Andean production units

1 Introduction

According to INEC and ESPAC (2016), 6,202,408 li-
ters of milk are produced daily in Ecuador, in the
Sierra region 4,810,551 liters (75% of national pro-
duction), and in the province of Pichincha 873,272
liters. Torres (2018) estimates that Cayambe parish
produces about 425,000 liters of milk daily, of which
51,000 liters are for consumption, 106,250 liters for
artisanal production and 267,750 liters for bulk sa-
le. Similarly, Céspedes Pachacama (2012), state that
there is a daily milk production of 13,905 liters daily
in Pedro Moncayo parish.

Bonifaz and Conlago (2016) state that mastitis
causes great discomfort to farmers, causing a de-
crease in production and quality of milk, being af-
fected in its chemical, physical and bacteriological
composition, presenting a lower percentage of total
solids, protein, fat and calcium. Mastitis is known as
inflammation and irritation of the mammary gland
caused by various pathogens, presenting increased
somatic cells and causing discomfort in the animal;
as a side effect of this infection, the texture of milk
changes its organoleptic characteristics (Bhattarai
et al., 2018).

According to Martinez (2012), the clinical sym-
ptoms are increased number of leukocytes, altered
composition and appearance (lumps), fever, red,
swollen and warm breast quarters. The occurrence
of mastitis depends on the hygienic conditions of
milking rooms (Zhang et al., 2018), age, breed, de-
liveries, lactation period, milk production and mil-
king equipment conditions. If milking equipment
is not used, the health and hygiene of the person
in charge of milking the cows should be monito-
red (Gil Ruiz et al., 2016). Disease also occurs when
environmental and animal management factors in-
teract in such a way that the udder is exposed to
pathogenic microorganisms. There are three essen-
tial factors that promote mastitis, the host, the in-
fectious agent and the environment (Ruiz Gil et al.,
2016).

Disease also occurs when environmental and
animal management factors interact in such a way
that the udder is exposed to pathogenic microorga-
nisms. There are three essential factors that promote
mastitis, the host, the infectious agent and the envi-
ronment (Owens and Nickerson, 2011).
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Studies have been conducted to identify the
etiological agents that cause mastitis (Cervantes
et al., 2017). The use of selective culture media has
allowed isolate Streptococcus agalactiae, Streptococcus
uberis, Staphylococcus aureus, E. coli, Klebsiella, Pseu-
domona, Candida albicans and Proteus mirabilis.
Hernandez et al. (2015) when identifying the etiolo-
gical agents determined that Staphylococcus aureus is
the most important microorganism with a 26 % pre-
valence on the total of identified microorganisms in
Boyaca parish.

The standard method for identifying pathogens
consists of isolates in selective culture media, howe-
ver, using this method will only be diagnosed up to
the level of genus of the bacteria (Pefia et al., 2012).

The prevalence of this disease in Cayambe and
Pedro Moncayo is a problem, and the pathogenic
microorganisms responsible continuously change
their ecological dynamics by the mutations suffered
by the etiological agents. For this reason, measures
have been taken to identify the pathogens causing
mastitis through biochemical tests and molecular
techniques that allow establishing the pathogens
and resistance to multiple antibiotics by their misu-
se when treating this disease (Bonifaz and Conlago,
2016).

Hence, the aim of this research is to determi-
ne by molecular techniques the etiological agents of
bovine mastitis from samples coming from farms in
Cayambe and Pedro Moncayo, as well as to iden-
tify the bacteria of the disease through 3 biochemi-
cal tests, to detect the resistance blaTEM genes for
B-lactams and tetA for tetracyclines, in bacteria iso-
lated in this research by PCR technique and finally
to perform the molecular identification of the iso-
lated microorganisms through sequencing of the ri-
bosomal region RNA 168S.

2 Materials and methods

2.1 Milk sampling

Milk samples were taken from livestock farms
located in Cayambe (coordinates (0°02'38”N
78°09'22”W) and Pedro Moncayo (coordinates
0°02’37”N 78°20’57”W) which had been previously
identified as positive for mastitis by California Mas-
titis Test (CMT).
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A total of 24 milk samples were collected follo-
wing protocol LCL 001 of the milk quality labora-
tory of the Salesian Polytechnic University, which
indicates that 40 mL of milk should be taken per
container for its analysis in the FOSSOMATIC so-
matic cells (SCC) equipment by flow cytometry.
Samples exceeding 500,000 CCS/dL as determined
by Nieto et al. (2012) were selected for this study.

2.2 Microbial isolation

Milk samples were sown by swab in Triptein Soya
Agar (TSA) medium, recommended for detecting
and counting a wide range of bacteria, and incu-
bation at 37°C for 48 hours (Britania Tripteina Soya
Agar, 2015). Subsequently, several subcultures were
performed to obtain pure colonies using the plan-
ting by exhaustion technique in TSA medium (Mili-
an et al., 2014). Pure bacterial colonies were confir-
med by Gram stain.

2.3 Identification by biochemical tests

Four biochemical tests of bacterial identification
were performed: Gram stain to differentiate ba-
cilli and cocci Gram (+) and Gram (-); Catalase
using 30% hydrogen peroxide expecting to visua-
lize presence or absence of bubbling (Wanger et al.,
2017); Coagulase test in human plasma, where pure
strains and incubated at 37°C for 24 hours were ino-
culated to analyze presence or absence of coagula-
tion (American Society for Microbiology, 2016); and
Agar Mannitol Salt (AMS) where sowing of strains
were performed, isolated and incubated at 37°C for
48 hours in order to differentiate bacteria of the ge-
nus Staphylococcus (Vila et al., 2004). The purpose of
these tests was to prevent molecular analyzes from
being performed on repeated bacterial species.

2.4 DNA extraction and 16S rRNA ampli-
fication

The pure strains were massified in Tryptic Soya
Broth (TSB) medium until reaching a concentration
of 12x10® (CFU/mL) which was determined by
comparison with turbidity patterns of the McFar-
land scale. In 1.5 mL tubes, 1 mL of bacterial culture
of each massified strain was placed and the sam-
ple was centrifuged to form a pellet of bacteria that
was used for DNA extraction based on Becton et al.
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(2005). Total DNA extraction was performed using
the Kochl et al. (2005) DNA extraction protocol. The
presence or absence of DNA was confirmed by 1%
agarose gel electrophoresis (Gonzdlez de Buitrago,
2010). The DNA obtained was preserved in a solu-
tion of Tris-EDTA at -20°C (Tan and Yiap, 2009).

The amplification of the 16S rRNA re-
gion was performed using the first 27F
(5 TCCTACGGGAGGCAGCAGT3) and 1492R

(5 GGACTACCAGGGTATCTAATCCTGTT3) de-
signed by Marchesi et al. (1998). The PCR technique
and Labnet Multigene branded thermo-cycler were
used under the following conditions: initial denatu-
ration at 95°C for 5 minutes, 25 denaturation cycles
at 95°C for 1 minute, annealing at 60°C for 2 mi-
nutes, initial extension for 1 minute at 72°C and
final extension for 7 minutes at 72°C followed by
maintenance at 4°C (Kang et al., 2015). The presen-
ce of amplicons was determined by 1% agarose gel
electrophoresis.

2.5 Sequencing and sequence analysis

Amplicons were sequenced using the Sanger tech-
nique in MACROGEN, South Korea. The sequences
obtained were compared with existing sequences in
the GeneBank of the National Center for Biotech-
nological Information (NCBI). Subsequently, the se-
quences were aligned with the Muscle software tool
Mega 6 to obtain a phylogenetic tree using the neigh-
bor joining tool of Mega 6 to make a correct taxono-
mic classification of the isolated etiological agents
(Fuertes and Cerna, 2018).

2.6 Antibiotic resistance gene amplification
blaTEM (B-lactam) and tatA (tetracy-
cline)

The presence or absence of antibiotic resistance ge-
nes was determined using the following specific
primers described by Tao et al. (2014), for blaTEM:
Forward (5 GCA CGA GTG GGT TAC ATC GA 3)
and Reverse (5 GGT CCT CCG ATC GTT GTC AG
3). The approximate size of the resistance gene is
300 bp; for tetA: Forward (5GCT ACA TCC TGC
TTG CCT TC 3') and Reverse (5 CAT AGA TCG
CCG TGA GG 3). According to Belding and Boo-
pathy (2018), the approximate size of the resistance
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gene is between 250 and 300 bp. The results obtai-
ned were verified in 1% agarose gel electrophoresis.

3 Results and discussion

3.1 Identification by biochemical tests

A total of 17 bacterial strains were isolated. The
Gram stain resulted in 15 Gram-positive and 2
Gram-negative species as shown in Table 1.

After having applied catalase tests, 11 catalase

positive and 6 catalase negative species were identi-
fied. Coagulase tests identified 1 coagulase-positive
species and 16 coagulase-negative species. Chane-
ton (2010) states that coagulase negative Staphy-
lococcus are the most prevalent pathogens, being
identified according to the type of infection 47 % in
latent infection and 28 % in subclinical mastitis.

Planting Agar Mannitol Salt (AMS) allowed to
classify 4 species as positive to mannitol fermen-
tation, 8 species negative to mannitol fermentation
and 5 bacterial species that did not give a determi-
ned result.

Table 1. Results obtained from the Biochemical tests.

Code of

Application of Biochemical tests

Gram
Staining

the sample

Catalase

Agar Mannitol

Coagulase Sal

835 +
A2r
D2r
12r
A3r
809
798
799c1
H3R
11
ll[t
1C
2C
1B
El
99
799

+ 4+ o+ o+

+ 4+ + o+ o+

.
+ +

+ 4+ +
\

+ -

- +
- +

- +

Classification result by biochemical tests of bacterial isolates; (+)
= Positive result, (-) = Negative result, (****) = Unfinished result.

3.2 Identification by molecular methods

The total DNA obtained was approximately 7000
bp, based on the molecular classification of the
Thermo Scientific 2x Phire Plant Direct kit (Figu-
re 1).

Amplification of the 16S rRNA region resulted
in bands of approximately 1300 bp (Figures 2 and 3).
The validity of the obtained sequences was analy-
zed using FinchTV software, which discarded 3 se-
quences due to lack of adequate quality. With the
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remaining sequences the identity of 15 species co-
rresponding to the Bacteria domain was obtained.

The sequences obtained in this research were
compared with sequences present in the database at
the NCBI GeneBank. The identity percentages ex-
ceeded 97% in all cases except for strains coded
as 1C, 2C and E1. Sol-Church and Frenck (2014),
suggest accepting identity percentages higher than
95 %. Sequences of the species cataloged as D2r, 798
and 2C did not have a taxonomic record in the NCBI
database being cataloged as non-cultured bacteria.
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To make a correct identification of the isolated etio-
logical agents, a phylogenetic tree was developed
using the 15 obtained sequences and 4 external re-

ference sequences downloaded from the NCBI da-
tabase (Figure 4).

*.a2

S M0

Al

Electroforesis de amplificacién de 16S por PCR convencional

M: muestra

Figure 2. Amplification of 16S electrophoresis by conventional PCR.

Isolated species were identified as etiological
agents causing mastitis in dairy cattle in the study
area. Based on the information obtained with the
phylogenetic tree, three clades were established:

- Clade (I): The isolates identified as Staphylo-
coccus sp. (A3r), emphS. pasteuri (835, A2r),
S. Warneri (12r), S. epidermidis (809) and S. sa-
prophyticus (799cl), are found in this clade.
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There were species that could not be identi-
fied at taxonomic level as is the case of Bac-
terium strain 2BL_4 (D2r) which was aligned
with S. warneri and an uncultured bacteria clo-
ne ncd2254e01c2 (798), species that were grou-
ped to the reference sequence of Staphylococ-
cus aureus, used as external species, determi-
ning that these may belong to the same genus
but with a different strain.
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Electroforesis de amplificacién de 165 por PCR convencional
M: muestra

Figure 3. Amplification of 16S electrophoresis by conventional PCR.

- Clade (II): They include Sphingomonas sp. (C1)
and Bacterium strain 4BL_5 (2C) closely grou-
ped with the reference strain type of ATCC
Sphingomonas paucimobilis, relationship confir-
med by Clavijo et al. (2012), since there are
genera that are within the same group, share
characteristics and also coincide with molecu-
lar identification.

- Clade (III): All isolates in clade III coincide to

be of the same Streptococcus genus when grou-
ped in the following species S. uberis (99, 799),
S. dysgalactiae (B1) which was grouped with
Streptococcus sp. (E1).

In Table 2, the genera of pathogens identified in
this research are Staphylococcus, Sphingomonas and
Streptococcus. Bacteria including Sphingomonas and
Streptococcus bacteria are normal components of
skin microbiota (Chen et al., 2018).

0.00 000 g aphylococcus pasteuri(835)
0.00 000 g aphylococcus pasteuri(A2r)
0.00 Bacterium strain sp(D2R)
0.00 0.00 0.00 g aphylococcus wameri(l2r)
0.00 Staphylococcus epidermidis (809) I
0.00 oo 99 Uneultured bacterium(798)
0.01 WIE Staphylococcus aureus Especie externa
0.03 — 0.01 Staphylococcus saprophyticus(799¢1)
- Staphylococcus sp.(A3r)
0.01 Staphylococcus intermedius Especie externa ]
0.17 0.09 0.12 Sphingomonas sp.(1C) ]
0.07 —E Sphingomonas paucimobilis Especie externa II
0.18 Bacterium strain{2C) |
oos % Streptococcus sp.(E1) . =]
Streptococcus dysgalactiae(1B)
007 0.00 Streptococcus uberis NCTCAG74(99) 111
) 993 streptococcus uberis NCTC3858(28ATM)
0.00 L2 syeptococcus uberis NCTCA4674(799)
= Salmonella entericae Especie externa

Figure 4. Phylogenetic tree elaborated from the sequencing of the 16S rRNA region of the isolated species.
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According to Farifia et al. (2013), Sthaphylococ-
cus is one of the most frequently isolated genera
in mastitis prevalence studies. Lange et al. (2015)
say that species belonging to the Streptococcus ge-
nus are linked to bovine mastitis as opportunistic
bacteria. Ruiz et al. (2011) in their study on subcli-
nical mastitis associated with manual and mecha-
nical milking. Staphylococcus sp. is the main patho-

gen with 61% predominance followed by Strepto-
coccus sp. with 29.6 % incidence. Braga et al. (2018)
when performing an identification of bovine masti-
tis pathogens by MALDI-TOF mass spectrophoto-
metry determined that approximately 80% of the
cases of mastitis were caused by the group of bac-
teria Staphylococcus aureus, Streptococcus uberis and
Streptococcus dysgalactiae.

Table 2. Taxonomic classification of etiological agents causing bovine mastitis isolated in Cayambe and Pedro Moncayo, Pichin-
cha province.

Query
Code Species cover Identity Access
(%)
835  Staphylococcus pasteuri 99 97 gil3888946731JQ726643.1
A2r  Staphylococcus pasteuri 100 99 gil762210140ILN623633.1
D2r Staphylococcus sp. 98 99 gil1193828147IMF112182.1
I2r Staphylococcus warneri 99 99 gil1409189597IMF662223.1
Staphylococcus sp. .
Aldr strain CLC-F26 100 99 2il1408623646IMH518208.1
Staphylococcus
809 epidermidis strain 96 99 2il8463511511KT184900.1
TWSL_20
798 Staphylococcus sp. 91 98 gil3221801151JF194710.1
Staphylococcus
799c¢1 saprophyticus strain 99 99 gil1393269660IMH396756.1
Wwil67
Sphingomonas sp. .
1C strain ApO2E 78 89 gil10800324071KX990222.1
2C Sphingomonas sp. 97 91 gil1193828182IMF112217.1
Streptococcus
1B dysgalactiae strain JZ 34 99 MH119693.1
R-75
Streptococcus sp. .
El X7150-1212-NJR] 95 90 gil564983989IKF828882.1
Streptococcus uberis .
99 strain NCTC4674 99 99 2il14034525741L.S483408.1
Streptococcus uberis .
799 strain NCTC3858 99 97 2il14034267221L.S483397.1
Source: NCBI(2019).

Davies et al. (2016) mention that 63 % of poten-
tial transmission events and 38 % of incidence of cli-
nical mastitis are caused by S. uberis in dairy herds.
Nam et al. (2009) mention that about 40% of clini-
cal mastitis cases are caused by Gram (-) bacteria
linked to mastitis, the most common non-coliform
pathogen associated with intramammary infections
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is Sphingomonas sp.

3.3 Antibiotic resistance assay

Amplification of the blaTEM resistance gene for the
B-lactam family resulted in bands of approximately
300 bp, data corroborated by Tao et al. (2014). The
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resistance gene was found in Staphylococcus pasteu-
ri, Staphylococcus warneri, Staphylococcus epidermi-
dis, Staphylococcus saprophyticus, Streptococcus uberis,
Sphingomonas sp. and Staphylococcus aureus species
(Figure 5).

On the other hand, amplification of the tetA re-
sistance gene for the tetracycline family resulted

MMC+ M1 M2

in bands of approximately 250 bp. According to
Belding and Boopathy (2018), the resistance gene
for the tetracycline antibiotic family has a size of
between 210 and 300 bp. The resistance gene was
found in Staphylococcus pasteuri, Staphylococcus epi-
dermidis, Streptococcus uberis, Streptococcus dysgalac-
tine, Staphylococcus aureus and Sphingomonas sp. (Fi-
gure 6).

M3 M4 M5 ME M7 M8 M9 MI10 M11 M12 M13 M14 M15 M16 C-

C-: Control negativo

M3: Strepltococcus dysgalactioe

M10: Bacteriumn NLAE-zI-P75
secus uberis

Figure 5. Electrophoresis gel showing presence/absence of blaTEM resistance gene for B-lactam antibiotics.

Corroborating the results obtained in this study
(Table 3), further antibiotic resistance studies in
mastitis-related pathogens have determined that f3-
lactam-resistant species are Staphylococcus warne-
ri, Streptococcus uberis (Bonetto, 2014), Staphylococ-
cus epidermidis (Farifia et al., 2013), Staphylococcus
saprophyticus, Sphingomonas sp., S. aureus (Ramirez
et al., 2018) and Staphylococcus pasteuri (Arrepia,
2008). Likewise, according to studies carried out by
other authors, S. epidermidis (Ramirez et al., 2018), S.
uberis, S. dysgalactiae (Florentin, 2007) and S. pasteuri
(Savini et al., 2009) have resistance to tetracyclines,
the latter showing resistance to different antibiotic
compounds such as methicillin/ oxacillin, macro-
lides, lincosamides, streptogramins and tetracycli-
nes.
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Table 3. Species resistant to -lactam and tetracyclines.

Species with
blaTEM resistance
Staphylococcus pasteuri
Staphylococcus aureus
Staphylococcus epidermidis
Streptococcus uberis
Sphingomonas sp.
Staphylococcus warneri
Staphylococcus saprophyticus

Species with
tetA resistance

Staphylococcus pasteuri

Staphylococcus aureus
Staphylococcus epidermidis

Streptococcus uberis
Sphingomonas sp.

Streptococcus dysgalactiae

4 Conclusions

The use of the molecular technique allowed to iden-
tify genus and species in most of the isolated micro-
organisms, concluding that the molecular identifi-
cation of the etiological agent is important in the
study of bovine mastitis as it is a more specific test
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M15: Bacteriurmn strain
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Figure 6. Electrophoresis gel showing presence/absence of tetA resistance gene for antibiotics of the tetracycline family.

than biochemical.

It could be determined that the etiological
agents with more prevalence of bovine mastitis in
Cayambe and Pedro Moncayo are the microorga-
nisms belonging to the genera Staphylococcus and
Streptococcus, being the most common Staphylococ-
cus pasteuri, Staphylococcus warneri, Staphylococcus
sp., Staphylococcus epidermidis, Staphylococcus au-
reus, Staphylococcus saprophyticus, Sphingomonas sp.,
Streptococcus dysgalactiae, Streptococcus uberis.

The molecular technique also allowed to iden-
tify in the bacteria causing bovine mastitis the pre-
sence of resistance genes to two families of antibio-
tics. The bacteria resistant to $-lactam were Staphy-
lococcus pasteuri, Staphylococcus aureus, Staphylococ-
cus epidermidis, Streptococcus uberis and Sphingomo-
nas sp; and bacteria determined as resistant to te-
tracyclines were Staphylococcus pasteuri, Staphylococ-
cus aureus, Staphylococcus epidermidis, Streptococcus
uberis, Sphingomonas sp., Streptococcus dysgalactiae.

The molecular identification of different gene-
ra and bacterial species that cause bovine mastitis
together with the study of antibiotic resistance ge-
nes allows a safer diagnosis to establish an effective
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treatment against this multifactorial disease that af-
fect lactating cows in most dairy production units
in Ecuador.
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Abstract

Plant growth-promoting bacteria (PGPB) that inhabit root rhizosphere of plants are of great agricultural importance
due to their ability to produce phytohormones during root colonization. These phytohormones produce physiologi-
cal changes in the plant that favor a greater absorption of nutrients, promote growth and increase production. This
study analyzed the effect of inoculation of two of these bacteria, Azospirillum sp. and Pseudomonas fluorescens, under
field conditions representative of the Andean Highlands. The experiment was carried out using flour corn seed of the
INIAP-101 variety in a randomized complete block design with six repetitions. The treatments corresponded to: T1
(Azospirillum sp.), T2 (P. fluorescens), T3 (Azospirillum sp. and P. fluorescens), T4 (control, conventional chemical fertili-
zation) and T5 (absolute control). The application of these bacteria significantly increased (p<0.05) the root length, the
diameter of the cob, and the yield of fresh corn (“elotes” or “choclos”). The combined inoculation of these bacteria
(T3) obtained the highest yield, with 19.70 t ha~! of fresh corn; while the chemical control and the absolute control got
17.12 and 13.58 t ha™! of fresh corn, respectively. The economic analysis of T3 reported a benefit/cost of 1.35, which
indicates that the synergism of these two bacteria could be a sustainable strategy to improve yields and reduce the
use of chemical fertilizers for corn production in the Andean region.

Keywords: biofertilizers, bioinoculants, fresh corn, sustainable production.
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Response of flour corn (Zea mays L. var. Amylacea) to the inoculation of Azospirillum and Pseudomonas

Resumen

Las bacterias benéficas que habitan la rizésfera de las plantas son de gran interés agricola debido a su capacidad pa-
ra producir fitohormonas durante la colonizacién radicular. Estas fitohormonas producen cambios fisiol6gicos en la
planta que favorecen una mayor absorcién de nutrientes que provocan un rapido crecimiento vegetativo y una mayor
produccioén. Esta investigacion tuvo como objetivo evaluar el efecto de la inoculacién de dos de estas bacterias, Azos-
pirillum sp. y Pseudomonas fluorescens en el cultivo de maiz harinoso bajo condiciones de campo tipicas de la region
alto andina. El experimento se realiz6 utilizando semilla de maiz harinoso de la variedad INIAP-101 con un disefio de
bloques completos al azar y seis repeticiones. Los tratamientos correspondieron a: T1 (Azospirillum sp.), T2 (P. fluores-
cens), T3 (Azospirillum sp. y P. fluorescens), T4 (testigo con fertilizacién quimica convencional) y T5 (testigo absoluto).
La aplicacién de estas bacterias increment6 de manera significativa (p<0,05) la longitud de raiz, el didmetro de la
mazorca y el rendimiento del maiz tierno (elotes o choclos). La inoculacién combinada de estas bacterias (T3) obtuvo
el mayor rendimiento con 19,70 t ha—! de choclos, mientras que el testigo quimico y el testigo absoluto obtuvieron
17,12 y 13,58 t ha~! de choclos, respectivamente. El anélisis econémico de T3 reporté un coste/beneficio de 1,35, lo
cual indic6 que el sinergismo de estos dos géneros podria ser una estrategia sostenible para mejorar los rendimientos
y reducir el uso de fertilizantes quimicos en el cultivo de maiz de la regién Andina.

Palabras clave: biofertilizantes, bioinoculantes, choclo, produccién sustentable.
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1 Introduction

Flour corn (Zea mays L. var. Amylacea) is one of the
most important crops in the Ecuadorian Highlands,
due to the large amount of land used for its produc-
tion and the role it plays as a basic component of
the population’s diet (Yanez et al., 2013). Around
62 581 ha of this cereal are grown annually, dou-
bling the area planted with other important crops
in the highlands such as potato, bean, wheat, and
barley (Continuous Agricultural Production and
Area Survey (ESPAC; by its acronym in Spanish)
(ESPAC, 2018). Unfortunately, the yield of this type
of corn reaches up to 0.93 t ha~! for dry grain, and
3.75 t ha™! for fresh corn, placing Ecuador among
the lowest flour corn productivity levels in South
America (Boada and Espinosa, 2016).

Flour corn is usually planted in small lots up
to one hectare, and a large proportion of these lots
are located on marginal soils that include hillside
areas, with soils exposed to erosion and no irriga-
tion facilities. In addition, most of the farmers use
uncertified seeds and unimproved native varieties.
All these, and other socioeconomic factors make
corn yield very low, which limits farmer ’s purcha-
sing power and restricts the use of inputs, such as
fertilizers.

The yield of corn is closely related to the availa-
bility of soil nutrients. For corn grown in the high-
lands, it is recommended to apply 80 kg ha~! of ni-
trogen and 40 kg ha~! of phosphorous in soils of in-
termediate fertility (Yanez et al., 2013). After nitro-
gen, phosphorus is one of the most important ele-
ments in the early stages of normal plant develop-
ment; a deficiency of these elements in the crop can
cause slow growth, little development of the root
system and therefore reduces the yield of the har-
vest (Guzman, 2012). Plant growth-promoting bac-
teria (PGPB) facilitates plant growth by providing
either fixed nitrogen or phosphorus and induces the
production of phytohormones during root coloniza-
tion. These phytohormones produce physiological
changes in the plant that favor a greater absorption
of nutrients, promote growth, and increase produc-
tion (Glick, 2012; Santoyo et al., 2016).

Currently, it is pivotal to investigate the soil mi-
crobiota to obtain strategies that improve agricul-
tural productivity. One of these strategies is the
application of bioinoculants with beneficial micro-
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organisms which, applied to the soil or the seed,
generate a positive impact on plant nutrition and
yield (Glick, 2012; Diaz-Blanco and Médrquez-Reina,
2011). The use of bioinoculants made from benefi-
cial microorganisms, such as Azospirillum sp. and
Pseudomonas fluorescens, that live associated or in
symbiosis with the roots of corn, can efficiently con-
tribute to nitrogen fixation, phosphorus solubiliza-
tion, and natural soil fertility, providing a positive
agrobiological effect that constitutes an important
alternative for the reduction or partial substitution
of mineral fertilizers (Grageda et al., 2012; Pereira
et al., 2020).

The study and management of beneficial mi-
croorganisms has increased to such a degree that
nowadays a whole commercial movement has been
generated. The production and commercialization
of bioinoculants are aimed to strength a sustainable
production system with an ecological balance of the
soil (Ruiz, 2015; Urrutia, 2019). Several studies have
shown the benefits of the use of bioinoculants or
biofertilizers in dent and flint corn in lowlands, in-
creasing yield and cost effectiveness for farmers, but
reports on flour corn in the highlands are scarce. In
Mexico, Garcia et al. (2012) showed that the inocula-
tion with A. brasilense increased grain yield compa-
red with the non-fertilized and non-inoculated con-
trol, increasing the benefit/cost by 56 % on average.
Later,Martinez-Reyes et al. (2018) reported that the
use of a biofertilizer with A. brasilense increased the
yield of grain up to 28.0% (1.67 t ha™!) with res-
pect to the absolute control, achieving a greater net
benefit than the use of conventional chemical ferti-
lization. In Brazil, Pereira et al. (2020) reported that
the use of bioinoculants increased grain yield up
to 39.5 and 34.7% when corn seed was inoculated
with Bacillus subtillis and A. brasilense, respectively.

The National Institute for Agricultural
Research-INIAP has a collection of Azospirillum
sp. and P. fluorescens strains isolated from the rhi-
zosphere of corn plants, collected throughout the
Ecuadorian Highlands. These strains have been
characterized and evaluated, and as results the C2
strain of Azospirillum sp. and the nI5 strain of P.
fluorescens with a concentration of 1x10° ufc mL~!
have shown the best results in preliminary studies
(Rivadeneira, 2012; Pincay, 2014; Sangoquiza et al.,
2019). The objectives of this research are to evaluate
the effect of these native Andean strains in the pro-
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duction of fresh flour corn (“choclos” or “elotes”)
and estimate the benefit/cost of the inoculation.

2 Material and Methods

2.1 Study area

The experiment was established in a commercial
corn production field located in the Province of
Pichincha, Ecuador, in the parish of Amaguafia
(0°23'9.87” S and 78°30’3.4” W), at an altitude of 2
675 masl, during the 2017-2018 cycle. The average
temperature of Amaguafia is 17°C with an average
rainfall of 960 mm (Bastidas, 2016).

2.2 Bacterial strains and bioinoculant

The inoculum was developed from the lyophilized
strain C2 of Azospirillum sp., isolated from ‘Lagua-
coto’, parish Veintimilla, cantén Guaranda, provin-
ce of Bolivar, and the strain n/5 of P. fluorescens iso-
lated from “Tunibamba’ of the parish ‘El Sagrario’
cantén Cotacachi, province of Imbabura. The strains
were collected from the rhizosphere of corn plants
cultivated in the highlands of Ecuador (Carrera,
2012; Pincay, 2014). The strains are conserved at the
laboratory of the Maize Program at the Experimen-
tal Station Santa Catalina of INIAP. The inoculum
and the inoculation of the seeds were made as re-
ported by Sangoquiza et al. (2019). Briefly, 1000 uL
of 1% peptone were placed in the Eppendorf tu-
bes, by shaking until the mixture was homogenized
using a vortex. Subsequently, 50 uL. of the inoculum
were taken and placed in Petri dishes with the solid
malic-acid Congo Red Agar culture medium for the
case of Azospirillum sp., and King B for P. fluores-
cens. Subsequently, the inoculum was placed in an
incubator at 30°C for 7 days. After this time, pure
sections of the bacteria were taken and placed in
Petri dishes with the specific growth media.

The bioinoculant was made in a liquid support
with 2% molasses with sterile distilled water, pH
7, at a bacterial concentration of 1x10° ufc mL~!.
In 300 mL of the bioinoculant solution, 280 mL co-
rresponded to the liquid support, and 20 mL to the
bacteria (10 mL of Azospirillum sp. and 10 mL of P.
fluorescens). The bacteria concentration was measu-
red with a spectrophotometer (Thermo Scientific,
GENESYS). The bacteria concentration was obtai-
ned by reaching the value of 1 in absorbance, which
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was confirmed by growth tests by dispersion on a
plate. The ufc counting was performed using serial
dilutions. The bioinoculant was applied directly
to the seed at the time of sowing, as indicated by
Yanez et al. (2010). Briefly, 420 seeds of maize were
placed in a plastic bowl with a capacity of 5 L. Then,
200 mL of the bioinoculant was applied to the seed,
mixing it uniformly to ensure contact with the seed
surface. After inoculation, the seed was left to rest in
the shade for an hour, before being used for sowing.

Bacteria viability test was performed with the re-
maining 100 mL of the bioinoculant. The viability
evaluation was carried out by taking a sample of
the bioinoculant in which serial dilutions were ma-
de, taking 0.1 mL of each dilution and sowing in Pe-
tri dishes with the specific culture medium for each
bacterium. These were incubated at 30°C for 7 days.
The presence of bacteria was determined by plate
count.

2.3 Experimental design

The sowing was carried out in a sandy loam soil
at the beginning of the rainy season in November,
with the flour maize variety INIAP-101 (Caviedes,
2013). The treatments corresponded to: T1 (Azospiri-
llum sp; 1 x 10° ufc mL~"), T2 (P. fluorescens; 1 x 10°
ufc mL~1), T3 (Azospirillum sp. and P. fluorescens;
1 x 10° ufc mL~"'), T4 (control, conventional chemi-
cal fertilization) and T5 (absolute control). Chemi-
cal fertilization was applied only in the plots co-
rresponding to the treatment T4. The fertilization,
based on the results of the soil analysis (Table 1),
was 57 kg of N ha™!, 57 kg of P,Os ha™!, 10 kg K,O
ha~!, 25 kg Sha~!, and 10 kg of Mg ha™!, distribu-
ting equally the nitrogen between sowing and hi-
lling, which was carried out 45 days after sowing.
The other nutrients were applied at sowing. The si-
ze of each plot was four furrows of 5.00 m long and
3.20 m wide, with 80 plants in each plot. The plan-
ting distance was 0.80 m between rows and 0.25 m
between plants, with a density of 50 000 plants ha™!.
The nutritional content of the soil where the experi-
ment was planted, analyzed in the Department of
Soils of the Experimental Station Santa Catalina, is
shown in Table 1.
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Table 1. Nutritional values of the Amaguafia soil where the ef-
fect of inoculation of Azospirillum and Pseudomonas in flour
maize was evaluated.

Nutrient Value Unit
N 57.0 ppm
p 11.0 ppm
S 4.70 ppm
K 059  meq100 mL~!
Ca 590  meq 100 mL~!
Mg 190  meq 100 mL~!
Zn 0.90 ppm
Cu 7.60 ppm
Fe 350 ppm
Mn 3.40 ppm
B 0.30 ppm
MO 4.40 %
pH 6.36

The agronomic practices of the crop were carried
out following the recommendations given to small
farmers of the highlands of Ecuador (Yanez et al,,
2013). In short, a plowing pass and a harrow pass
were carried out to incorporate the remains of the
previous crop (corn). During the development of
the crop, the weeds were removed manually, and
the insect pests were controlled with two applica-
tions of insecticides (Cypermethrin and Chlorpyri-
fos) at 60 and 120 days, with a dose of 1 L ha~!. The
crop was harvested and evaluated in a fresh state
(fresh corn), at the growing stage R3 (milky stage),
150 days after planting (Yanez et al., 2013).

2.4 Variables evaluated

Agronomic evaluation was conducted at harvest,
according to the International Maize and Wheat Im-
provement Center (CIMMYT) procedures for inter-
national trials (CIMMYT, 1999). The evaluation of
the variables is detailed:

* Plant height: the length from the base of the
plant to the point where the panicle begins
to divide was measured on ten randomly se-
lected plants in the central furrows of each
plot. This variable was recorded in m using a
height meter at harvest.

IEI(%) =

(yield of the inoculated treatment — yield of absolute control)

* Root length: at harvest, 10 plants were taken

randomly form the central furrows of the plot.
The aerial part of the plants was separated
and the length of the root was measured from
the base of the plant to the tip of the longest
root with the help of a meter. This was measu-
red in cm.

Ear length: ten ears with bracts taken ran-
domly from the central furrows of each plot
were measured from the base to the tip of the
ear with the help of a tape measure. This was
measured in cm.

Ear diameter: the central point of 10 randomly
chosen ears from the central furrows with
bracts of each treatment was measured with
a caliper, the data were expressed in cm.

Yield: ears with bracts, suitable for fresh con-
sumption at R2-3 stage (“elote”, “choclo”),
from the two central furrows (40 plants) of
each experimental plot were harvested. Fresh
corn yield was recorded in kg, but data is
shown as t ha='.

Inoculation effectiveness index (IEI): it was
calculated as a percentage using the Equation
1 (Escobar et al., 2011).

Cost/benefit: it was estimated based on the in-
come from the sale of the fresh corn harves-
ted and the production cost (inputs, labor, soil
preparation, and indirect costs) of each treat-
ment. The gross income (USD ha~!) was esti-
mated by multiplying the fresh corn yield (t
ha~!) by its commercial value (USD t~!). The
net profit per hectare was estimated by the dif-
ference between the gross income in dollars
and the cost of production. The cost for each
dollar obtained (CU) was calculated by divi-
ding the cost of production (USD ha~!) by the
gross income (USD ha~!), and the benefit cost
ratio (B/C) was estimated by dividing the net
profit (USD ha~!) by the production cost (USD
ha™!).
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2.5 Statistical analysis

A completely randomized block design with six re-
plications was used to evaluate the effect of three
bioinoculants (T1, T2, and T3) and two controls (T5
and T6). The results were subjected to a norma-
lity Shapiro-Wilks modified test, and then, analysis
of variance and Tukey’s multiple comparison test
(p < 0,05) were performed for all agronomic traits.
The statistical program INFOSTAT was used for the
analysis.

3 Results

Table 2 shows the results of the agronomical traits
evaluated in the different treatments. Significant
statistical differences (p < 0,05) were observed
among the treatments for all traits. The absolute
control, as expected, showed the lowest values,
and lowest Tukey-test ranking, meaning the poo-
rest agronomic performance. The use of conventio-
nal chemical fertilization (T4) showed the highest
height of the plant with 2.44 m; although it did not
differ statistically from the inoculated treatments
(T1, T2 and T3), it did differ from the absolute con-
trol (T5), which obtained the shortest plants with
2.20 m.

The fresh corn yield obtained with the use of
bioinoculants (T1, T2, and T3) did not differ sta-
tistically from the yield obtained using chemical
fertilization (T4), according to Tukey test (p < 0,05).
This was consistent with the observed performance
of plant height, ear length, and root length. The IEI
of the inoculation with Azospirillum sp. and P. fluo-
rescens (T3) was 46.58 %, almost twice than when it
was done with the single bacteria (T1 or T2) (Table
2). The use of the bioinoculant with both isolates
(T3, Azospirillum sp. and P. fluorescens) showed
the best agronomical performance for ear diameter,
yield, and IEI (Table 2). There were no significant
differences (p > 0,05) between T3 and the chemical
conventional fertilization control (T4) for any of the
evaluated traits, except for ear diameter, where T3
obtained thicker ears than T4, with 21.47 cm and
20.13 cm, respectively.
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The economic assessment showed the bene-
fit/cost of the application of these bioinoculants on
flour maize (Table 3). The inoculation of the seeds
made with the combined biofertilizer T3 (Azospiri-
llum sp. and P. fluorescens) got the highest net profit
3546.00 USD ha~!, and the highest B/C ratio 1.35.
Although the production cost of the combined bio-
inoculant (T3) was higher than the bioinoculants
with a single isolate (T1 and T2), the gross income
of T3 was higher due to the yield increase obtained
when inoculating with both isolates (Table 2).

4 Discussion

4.1 Effect of the application of bioinocu-
lants on agronomical traits of corn

The use of bioinoculants with Azospirillum sp. and
P. fluorescens on fresh flour corn showed the same
agronomic performance than using conventional
chemical fertilization (Table 2). The results obtained
in this study could be because these bacteria ha-
ve the ability to fix nitrogen, solubilize phosphorus
and produce plant growth promoting compounds
(Aguirre and Espinosa Moreno, 2016; Rueda et al.,
2016). These bacteria stimulated the growth and
development of the flour corn plants that showed
longer roots, taller plants, and thicker ears than the
absolute control (T5). Cereals inoculated with these
bacteria have shown a greater capacity to efficiently
absorb water and nutrients from the soil (Sala et al.,
2005; Oliveira et al., 2018; Pereira et al., 2020).

Bioinoculants based on Azospirillum and Pseu-
domonas strains have a high capacity to produce
indole-acetic acid (IAA) causing root development
and cell elongation. There are reports that assure
the influence of Azospirillum on the formation of la-
teral roots due to nitrite secretion (Camelo et al.,
2011; Bécquer et al., 2012). The production of IAA
and the high sensitivity of the roots to this hormone
are fundamental for the response to the inoculation
of Azospirillum and Pseudomonas, where a greater
radical development is frequently observed, which
translates into a greater surface area for nutrient ab-
sorption, and thus, a greater development of the ae-
rial part of the plant (Garcia et al., 2007).
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Table 2. Effect of the application of bioinoculants on agronomical traits in the cultivation of flour corn INIAP 101. Treatments: T1
(Azospirillum sp.), T2 (P. fluorescens), T3 (Azospirillum sp. and P. fluorescens), T4 (control, conventional chemical fertilization)
and TS5 (absolute control).

Plant Ear length

Ear

Root Fresh corn

Treatment height (m) (cm) diameter (cm) length (cm) yield (t ha 1) TEL (%)
T1 2.37 ab* 38.33a 21.20 a 38.67 a 16.72 b 22.68b
T2 2.42ab 35.83 ab 21.00 a 32.67 be 17.05b 23.68 b
T3 2.33 ab 37.50 ab 21.47a 37.00 ab 19.70 a 46.58 a
T4 244 a 36.33 ab 20.13b 34.17 abc 17.12 ab -
T5 2.20b 32.33b 18.47 ¢ 31.00 ¢ 13.58 ¢ 0.00 ¢

IEI = Inoculation effectiveness index. *Different lowercase letters mean significant statistical difference according to

Tukey test (p < 0,05).

The flour corn maize INIAP 101 showed an in-
crease in the plant height, ear length and diameter
of the inoculated plants, compared with the absolu-
te control (Table 2). These results agree with Piscoya
and Ugaz (2016), who pointed out that the Azospiri-
llum genera showed an increase in the height, num-
ber of leaves and diameter of stems in the cultiva-
tion of hard corn; meanwhile Piromyou et al. (2011)
demonstrate the beneficial action of individual and
mixed inoculation of beneficial microorganisms in
the cultivation of dent corn by improving their ra-
dical functioning in the absorption of the nitrogen
by externally invading the corn root, favoring the
synthesis of plant growth promoting substances.

The C2 strain of Azospirillum sp. and the nl5
strain of P. fluorescens used in this study have shown
their capacity to promote nitrogen and phospho-
rous absorption before. Sangoquiza et al. (2019) re-
ported a higher accumulation percentage of nitro-
gen and phosphorous in leave tissue of INIAP-101
plants inoculated with these isolates. Similar stu-
dies of the effect of Azospirillum sp. showed a higher
percentage of nitrogen in corn leaf tissue (Ortiz,
2010), while the inoculation of A. brasilense and P.
fluorescens increased the total phosphorus content
by 187 kg ha~! (Faggioli et al., 2003).

4.2 Inoculation effectiveness index (IEI) of
the bioinoculants

For IEI, the treatment T3 showed statistically sig-
nificant differences with treatments T1 and T2, ac-
cording to Tukey-test (p < 0,05) (Table 2). These re-
sults indicated that the combination of Azospiri-
llum and P. fluorescens favored corn performance,
which suggests an associative symbiosis that can
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improve root morphology and physiology, achie-
ving better use of water and nutrients such as nitro-
gen and phosphorus, generating better quality and
development of the grain (Galvez et al., 2014). Mar-
tins et al. (2018) pointed out that the effects of these
microorganisms on plant development have favo-
red the performance of various crops, when applied
alone or in combination, achieving greater coloniza-
tion and increasing the production. A more detailed
review of the benefits of biofertilizers was recently
published by Zambrano-Mendoza et al. (2021).

4.3 Economic assessment of the use of the
bioinoculants

The analysis of the economic parameters showed
how advantageous the application of these bioino-
culants were by promoting a good development
of the inoculated plants and greater economic per-
formance (Table 3). The highest cost of production
was obtained with T4 (conventional chemical ferti-
lization control), while the lowest cost of produc-
tion was obtained with T5 (absolute control), where
no fertilization nor bioinoculant was applied. The
main difference among the production costs of each
treatment was given by the value of the chemical
fertilizer and the cost of its application. In relation
to the conventional chemical recommendation (T4),
the use of the bioinoculant T3 (Azospirillum and P.
fluorescens) allowed a saving of USD 281.12 ha™!,
which represents a decrease of approximately 16 %
in the production cost, without significantly affec-
ting yield (Table 2). This shows that it is possible
to substitute the use of chemical fertilizers by bio-
inoculants without affecting the production of corn,
opening the opportunity to more sustainable and
environmentally friendly production systems.
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Table 3. Economic assessment of the application of bioinoculants in the flour corn INIAP 101 in the highlands of Ecuador.

Production Raw Net CU* Benefit/Cost
Treatment cost Income profit (USD) (USD)
(USDha=') (USDha~!) (USDha™!)
Tl Azospirillum sp. 1505.74 3009.60 1503.86 0.50 1.00
T2 P. fluorescens 1505.74 3069.00 1563.26 0.49 1.04
T3 Azospirillum sp. 1511.74 3546.00 2034.26 0.43 1.35
+ P, fluorescens
14 Control, chemical fertilization o, ¢ 3081.60 128874  0.58 0.72
quimica
T5 Absolute control 1491.86 2444.40 952.54 0.61 0.64

*CU = Cost for each dollar obtained.

Many corn farmers in the highlands do not use
chemical fertilizers at all, resembling treatment T5
(absolute control). Using Azospirillum and P. fluores-
cens, farmers may have the possibility to duplicate
their net profit from 952.54 USD ha~! to 2034.26
USD ha~! with an additional investment of appro-
ximately 20.0 USD ha~! (Table 3). Further studies in
several environmental conditions could clarify this
possibility.

The B/C of the fresh corn production using the
bioinoculant T3 (Azospirillum and P. fluorescens) in-
creased by 87.5% in relation to the conventional
chemical fertilization (T4) (Table 3). This value is
higher than the increase of 56.0 % reported by Gar-
cfa et al. (2012), and the increase of 36.0 % reported
by Garcia et al. (2007), when evaluated the effect
of the application of A. brasilense on dent corn in
northern Mexico. In economic terms, these results
showed that the inoculation with plant growth pro-
moting bacteria (Azospirillum sp. and P. fluorescens)
increased the net profit and the B/C ratio of the cul-
tivation of corn; therefore, the use of these bioinocu-
lants could generate an economically viable techno-
logy for the production of flour corn in the Andean
Region.

5 Conclusions

The inoculation with Azospirillum sp. improved the
yield of fresh corn (“choclo”), increased the deve-
lopment of the root, and the diameter and the length
of the cob compared to the control. The inoculation
with P. fluorescens showed higher yield and ear dia-
meter than the control. The combination between
Azospirillum sp. and P. fluorescens significantly in-
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creased fresh corn yield by 46.58 % in relation to the
control without fertilization. The yield of the plants
treated with chemical fertilizer was similar to the
yield obtained with the plants inoculated with these
microorganisms. The combination of Azospirillum
sp. and P. fluorescens produced the highest net gain
and B/C ratio, increasing by 87.5% the B/C of con-
ventional chemical fertilization.

Azospirillum sp. and P. fluorescens reduced the
use of synthetic fertilizers by approximately 50 %,
lowering the cost of production. Hence, it is feasible
to substitute the use of synthetic fertilizers for bio-
fertilizers, opening the opportunity for a sustaina-
ble and environmentally friendly maize production
system in the Ecuadorian highlands.
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Abstract

Common bean is an important crop due to its high nutritional value. However, its production in Ecuador has de-
creased due to biotic and abiotic factors. Understanding the mechanisms that determine the yield components of this
crop is essential to establish strategies that allow increasing the yield. In this study, the plant density was modified to
evaluate its impact on yield and its two main components, the grain number and grain weight under field conditions
in an Andean region of Ecuador. Two experiments planted on different dates were performed, where two planting
densities 4 and 11 plants m~? were evaluated. The effect of the treatments was studied on the length of the period,
from emergence to anthesis, the number of full and empty pods, grain number, 100 grain weight and grain yield. The
results indicate that the plant density has a significant effect (p<0.05) on the yield, reaching an average of 257.15 g
m~2 in high density, and 151.45 g m~2 in low density. The yield main components showed a different response to
plant density modification; the grain number exhibited a strong variability and was positively associated with final
grain yield (p<0.05) while the grain weight was not affected.

Keywords: Grain number, grain weight, Phaseolus vulgaris, plant density, plant population, yield components.
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Effect of plant density on yield components of common bean grown under inter-Andean mountain
conditions of Ecuador

Resumen

El fréjol es un cultivo importante debido a su alto valor nutritivo. En los tltimos afios la produccién en Ecuador de
este cultivo ha disminuido drasticamente debido entre otros factores a ineficientes procesos y falta de tecnificaciéon
en la produccién. Entender cémo se generan y determinan los componentes del rendimiento del grano es primordial
para disefar estrategias que permitan aumentar el rendimiento del cultivo. En este estudio, se modific6 la densidad
de plantas con el objetivo de evaluar su impacto sobre el ntimero de granos, peso de granos y rendimiento, bajo con-
diciones de campo en una regién andina de Ecuador. Se realizaron dos experimentos sembrados en fechas distintas,
donde se evaluaron densidades de plantas contrastantes 4 y 11 plantas m 2. El efecto de los tratamientos se estudié
sobre la duracién del periodo emergencia - antesis, el niimero de vainas llenas y vanas, el niimero de granos, el peso
seco de 100 granos y el rendimiento de grano. Los resultados indican que la densidad de plantas tiene un efecto sig-
nificativo (p<0,05) sobre el rendimiento, alcanzando un promedio de 257,15 g m~2 en alta densidad y 15145 g m 2
en baja densidad. Los componentes principales del rendimiento mostraron una respuesta distinta a la modificaciéon
de la densidad de plantas; el namero de granos presentd una fuerte variabilidad y fue positivamente asociado con el
rendimiento final del grano (p<0,05), mientras que el peso del grano no fue afectado.

Palabras clave: Componentes del rendimiento, densidad de siembra, fréjol, niimero de granos, peso de grano, Pha-
seolus vulgaris, poblacién de plantas.
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1 Introduction

Bean (Phaseolus vulgaris L.) is an important crop due
to its high nutritional value, containing between
20 - 30% protein (Celmeli et al., 2018), and is one
of the important crops sowed in several Andean
areas of Ecuador (Valarezo et al., 2008; Bustaman-
te, 2017). Like other legumes, this species is used
in crop rotation to reduce disease-causing agents,
and to maintain soil fertility through atmospheric
nitrogen fixation (Vasquez et al., 2015). In recent
years the cultivated area and production of bean
in Ecuador has decreased drastically, from 2011 to
2019 an approximate decrease of 50% was estima-
ted (FAOSTAT, 2019). Among the factors that have
contributed to the reduction in harvested area are
droughts, incidence of pathogens, poor crop mana-
gement, low technification and increased produc-
tion costs, favoring the importation of bean grain
(Sistema de Informacién Publica Agropecuaria de
Ecuador, 2018).

Increasing the profitability of this crop requi-
res improving productive efficiency and reducing
production costs, thus plant density management
would play an important role (Calero-Hurtado
et al., 2018). Crop yield would respond to the mo-
dification of plant density, because the number of
plants per unit area would be related to the growth
rate of the crop under solar radiation and tempera-
ture (Boada and Espinosa, 2016).

Traditionally, farmers use plant densities bet-
ween 15 600 to 20 800 plants ha~! with furrow spa-
cings of 0.80 to 1.00 m for manual weeding (Parreira
et al., 2011), paying little attention to yield response
and its components. Bean genotypes can vary when
generating reproductive structures due to phenoty-
pic plasticity in response to plant density (Andrade
and Abbate, 2005), with consequences in plant co-
ver, biomass, competition with weeds, generation
of yield components and therefore in final grain
yield.

Some studies show that increased density can
avoid water loss. As the distance between rows is
reduced and the distance between plants is main-
tained it is possible to increase the vegetative cover
of the crop, and consequently reduce direct wa-
ter losses by evaporation by covering the soil more
quickly (Osuna et al., 2012). In addition, for the bean
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crop to have competitive advantages with weeds,
increasing the density allows total soil cover once
the crop reaches full vegetative development (Pa-
rreira et al., 2011).

Number of grains (NG) and average grain
weight (WG) are major components of grain crop
yield (Peltonen-Sainio et al., 2007; Sadras, 2007; Sla-
fer et al., 2014). In many crops, NG is related with
yield, while grain weight shows less variation; ho-
wever, it has also been found that WG can com-
pensate for the decrease in NG when the source
decreases (Ghobadi et al., 2006; Labra et al., 2017).

Studies in bean have evaluated the effect of plant
density on yield mainly under tropical and Medite-
rranean agroclimatic conditions, however, the res-
ponse of yield components may vary in different
genotypes and environments. For example, Soratto
et al. (2017) evaluated densities of 5, 7 and 9 plants
m~2, and only found yield differences in one ge-
notype with the highest plant density. In another
study, Ahmed et al. (2016), evaluated densities of 4,
5,7 and 14 plants m 2, and report that grain weight
increased with the lowest density (4 plants m~2),
while yield was maximized with 5 plants m~2. On
the other hand, Gabisa et al. (2017), studied high
plant densities: 12, 15, 19 and 25 plants m~—2, indi-
cating that densities of 14 and 19 plants m~2 exhi-
bited the highest yields; this background suggests
that the response to plant density is conditioned by
environment and genotype. To date, there is little
information on the individual response of nume-
rical yield components and their relationship with
grain yield when resource supply is modified in
local bean genotypes under mountainous environ-
ments in the Andean zones of Ecuador.

A better understanding of yield determination
and its components is a prerequisite for developing
strategies aimed at increasing yield through plant
breeding, as well as for agronomic crop manage-
ment (Foulkes et al., 2011). The objective of the re-
search is to determine the effect of plant density mo-
dification on yield components of beans grown in
an Andean region of Ecuador.
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2 Materials and Methods

2.1 Location of the experiment and crop
management

The study was carried out at La Argelia Experi-
mental Station of the National University of Loja
(4°02'19.2"S 79°12'00.6' W) at 2150 m.a.s.1., in a silty
loamy soil. Percal bush bean cv. Percal, widely cul-
tivated in the province of Loja, Ecuador, was used
as planting material. Prior to sowing, a seed ger-
mination test was carried out, showing a germina-
tion higher than 95%. Weeds were controlled ma-
nually approximately every 20 days, starting from
the first trifoliate leaf stage until the grain filling sta-
ge, covering the critical period of weed interference
reported by Ngouajio et al. (1997). When the first
symptoms of damage caused by phytopathogens
were observed, preventive applications were made
using synthetic fungicide and insecticide. In addi-
tion, when rainfall was scarce, supplemental irriga-
tion was applied by sprinkling. Before planting, bo-
cashi was incorporated 7 t h™!, and later, fertiliza-
tion was applied with 120 kg ha™! N partialized at
phenological stages V4 and R6 (Ferndndez de Cér-
dova et al., 1986).

2.2 Experimental Design

The trial was arranged in a factorial design with
a randomized distribution. Two experiments were
set up with different sowing dates, Experiment 1
(E1) sown on October 26, 2018 and Experiment 2
(E2) sown on November 26, 2018. The experiments
were established at two sowing densities, 11 plants
m~2 (0.60 m between furrows and 0.30 m between
plants) and 4 plants m~2 (0.80 m between furrows
and 0.60 m between plants), placing two seeds per
site. The plots were 3.20 m long and 2.80 m wide,
with three replications for each treatment.

2.3 Measurements and statistical analysis

Crop phenology was recorded weekly according to
the scale proposed by Fernandez de Cérdova et al.
(1986), from sowing to harvest maturity. Meteoro-
logical data on temperature, relative humidity and
precipitation were recorded daily at La Argelia-Loja
meteorological station (INAMHI) located near the
experiment.
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At harvest maturity, all plants were taken from
1 m linear of the two central rows of each plot,
avoiding the plants at the edges, and the number
of grains, the number of full and empty pods were
counted. The dry weight of the grains was determi-
ned after leaving them in the oven for 3 days at 65
+ 5 °C. The number and weight of grains were used
to calculate the grain yield.

A factorial analysis of variance and a Fisher’s
test of means (o = 0.05) were used to evaluate the
effect of the treatments. Prior to the ANOVA, the
statistical assumptions of normality, independence
of observations and homogeneity of variance we-
re evaluated. The model described by Equation 1
was used to evaluate the differences between treat-
ments.

Yijk =H+ 0+ Bj+ (o) +&ij (1)
Where y;;x represents the observations correspon-
ding to the i-th level of the factor density and j to the
level of the factor experiment; u represents the ove-
rall mean; ¢; is the effect produced by the i-th level
of the factor plant density; B; is the effect produced
by the j-th level of the factor experiment; (af);; is
the effect produced by the interaction between den-
sity and experiment; and ¢;j; represents the experi-
mental error.

3 Results and Discussion

3.1 Phenology and climate

The duration of the sowing-anthesis stage was not
affected by sowing density or sowing date (p>0.05);
on average the crop in the two experiments took
61.72 (& 0.74) days to reach flowering (Table 1). The
crop cycle from sowing to harvest lasted approxi-
mately 119 and 125 days for the high and low den-
sity treatments, respectively. The small difference in
the duration of the stages and the crop cycle bet-
ween experiments and densities could be related to
the small temperature variation experienced by the
plants of the different treatments (Figure 1), since
this is the main factor that modifies crop ontogeny
(Luo, 2011). A previous study with the same culti-
var indicates that the crop took 141.67 days to har-
vest maturity; however, the average temperature of
the cycle was 12.47 °C (Goyes, 2014), suggesting
that this difference would occur by the colder tem-
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peratures that delayed the thermal accumulation of the crop.
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Figure 1. Diagram of the duration of phenological stages and climatic variables of precipitation, temperature and relative humidity
during the growing cycle of the two experiments. Red triangles indicate experiment 1 and black triangles indicate experiment 2.
S (sowing), EME (emergence), ANT (anthesis), C (harvest).

3.2 Number of pods

Plants planted at low density (4 plants m~2) had a
higher number of pods plant~! compared to tho-
se planted at higher density (11 plants m~2), in-
creasing the number of pods by 36.2 and 29.2%
in experiment 1 and 2, respectively (P<0.05). Also,
significant differences were found between the ex-
periments (Table 1), observing that the averages of
experiment 2 were lower (P<0.05), maybe because
experiment 2 had an incidence of pathogenic fungi
that could affect the final number of pods (the in-
cidence of diseases was not evaluated). When the
number of empty pods was analyzed, no statisti-
cal differences were found, suggesting that there
were sufficient resources for the establishment and
growth of grains per pod at the densities evaluated.
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The increment in the number of pods in plants
grown at low density suggests that it is a conse-
quence of lower intraspecific competition, which
would result in greater availability of resources that
could have generated increases in the number of
branches and pods. Some grain crops, including
bean, have the ability to modify their structure in
response to source modification; previous work in-
dicates that pod number is one of the most sen-
sitive components to density modification in bean
(Bennett et al., 1977; Mondo and Nascente, 2018).
The results of this research agree with previous re-
sults (Abubaker, 2008; Osuna et al., 2012; Gabisa
et al., 2017), in which when increasing the number
of plants decreases the number of pods established
per plant in bean crop.
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Table 1. Average yield and its components, and duration of the sowing-anthesis stage.

E DS Days to Pods Empty Pods Pods  Grains  Grains  Grains ;zglgl:;izz Performance
anthesis  Plant™! Plant™! m~2  Pods~! Plant™! m—2 (gg) (g m~2)
1 11 61.67 13.5 4.5 49.5 4.98 56.17 624.57 40.41 254.28
1 4 62 21.17 4.83 19.33 4.87 96.83 402.83 45.52 183.93
2 11 60.73 10.68 4.9 53.9 5.06 52.69 585.96 43.73 260.02
2 4 62.47 15 6.83 31.33 5.28 70.83 294.67 38.71 118.97
E. st 0.62 14 0.53 2.35 0.1 6.76 52.04 1.62 25.43
E ns * ns ns ns ns ns ns ns
DS ns * ns * ns * * ns *
ExDS ns ns ns ns ns ns ns ns ns

*#Significant effect p<0.03; E.st: standard error; ns: not significant; E: experiment; SD: plant density (plants m~2). Values are averages

of three replicates.

3.3 Number of grains

No statistical differences were found in the density
treatments and experiments evaluated in the NG
pod~!, on average 5 (+ 0.17) grains were obtained
in each pod. The number of grains remaining esta-
blished in each pod would be related to the amount
of available soil resources and photosynthesis (Ha-
di et al., 2006; Lake et al., 2019). The results obtai-
ned indicate that there was no limitation for grain
formation in pods in the density ranges explored
(Table 1), suggesting that when source availability
is modified by plant density, the establishment of
pod number plant~! is more sensitive to the envi-
ronment than NG pod .

Both NG plant~! and NG m~2 were affected by
plant density (P<0.05). As previously shown, plants
grown at low density had a higher number of pods,
with no differences in the number of established
grains per pod; consequently, NG plant~! increased
by 42 and 26 % in E1 and E2, respectively, compared
to plants sown at high density (Table 1), observing
a positive relationship between the number of pods
plant~! and NG plant~! (Figure 2A).

On the contrary, when NG m~2 is used, it is ob-
served that this component is significantly higher
in the high-density treatment, because there was a
greater number of plants per unit area in this treat-
ment, thus increasing the number of reproductive
structures. Although the plants grown in low den-
sity established a greater number of pods plant-1,
this was not enough to compensate the NG m~2 nor
the grain yield, observing a negative relationship
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between the number of pods plant~! and yield (Fi-
gure 2B). Previous work also shows a decrease in
NG plant~!, when the plant population is increa-
sed and the spatial arrangement of the bean crop
is modified (Osuna et al., 2012; Escalante-Estrada
et al., 2015). One way to improve bean yield may
be to improve the number of pods per plant, which
as shown in this study responds satisfactorily to
resource modification and is associated with final
grain yield.

3.4 Grain weight

Grain weight was not affected by density treatment
in the two experiments (Table 1). On average, the
dry weight of 100 grains at harvest was 42.09 g (+
3.1) in all treatments, confirming that this compo-
nent is more stable than NG, supporting the idea
that WG is a conservative trait and not very sen-
sitive to the modification of the source-destination
relationship as has been seen in other grain crops
such as soybean and corn (Sadras, 2007). Studies
with determined and undetermined habit genoty-
pes in different environments also show that WG
has little variation when plant density is modified
(Osuna et al., 2012; Escalante-Estrada et al., 2015;
Soratto et al., 2017). These results indicate a high
challenge to increase grain weight possibly due to
the strong interaction of genotype and environment
exerted on this component in bean as reported by
Pereira et al. (2017).
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3.5 Yield

Grain yield was significantly affected by plant den-
sity in both experiments (P<0.05). A positive res-
ponse of yield to the increase in the number of

plants m~2 was observed, because in a first stage
1501
A
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the number of plants per unit area would condition
the formation of reproductive structures in the ab-
sence of restriction of nutrient resources and solar
radiation (Slafer and Rawson, 1994; Kruk and Sato-
rre, 2003; Véliz et al., 2021a).
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Figure 2. Relationship between the number of pods per plant and the number of grains per plant (A), and between the number
of pods per plant and crop yield (B). Circles represent experiment 1 and squares represent experiment 2, filled symbols indicate
density 11 plants—2 and empty symbols indicate density 4 plants m~2. Each point is the average of three replicates.

The results suggest that although soil resources
may have decreased at high density due to intras-
pecific competition, this was not limiting for yield
gain in the high-density treatment, probably due
to higher biomass generation per unit area, which
translated into higher interception of photosynthe-
tically active radiation (De Bruin and Pedersen,
2009; Véliz et al.,, 2021b), favoring the establish-
ment of larger harvested organs as in previous stu-
dies (Egli, 1988; Soratto et al., 2017; Calero-Hurtado
et al., 2018).

The yield in this research greatly exceeded pre-
vious studies (Calero-Hurtado et al., 2018) where
higher densities were used such as 16 plants m 2
with grain yield of 1t ha~!, even surpassing inves-
tigations where densities between 22 to 28 plants
m~2 were evaluated (Puente, 2009), possibly due
to a low efficiency in those production systems,
which could imply higher production costs due to
the higher number of plants per unit area.

Relationships between yield and its components
were explored in this research, the results of which
indicate that the number of grains and pods per unit
area are closely related with yield, as has been seen
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in other grain crops (Peltonen-Sainio et al., 2007;
Sadras, 2007; Slafer et al., 2014). On the other hand,
WG is not related with yield (Figure 3 A, B, C). As
previously shown NG and WG possess different
sensitivity to density modification in bean, indica-
ting that WG in bean is a stable trait in contrast to
NG

Our results are similar to studies conducted in
temperate cereals (Reynolds et al.,, 2021), where
yield tends to be better related to grain number
while WG is insensitive or marginally responsive
when resource input is modified during grain fi-
lling (Serrago et al., 2013; Aisawi et al., 2015; Bonelli
et al., 2020).

These results indicate that beans, as well as other
grain crops such as cereals, are also limited by the
destination or sink, because the modification of
source resources, as a consequence of the change
in the number of plants per unit area, modified the
yield mainly by changes in the NG and not in the
WG. These results support the idea that the little
variation observed in WG may reflect an adaptive
evolutionary response, and that reducing intras-
pecific variability in seed size and weight would
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allow optimal seed size, balancing the survival of
individuals and the number of progeny produced
as indicated by Sadras and Denison (2009) and Sa-
dras and Slafer (2012).

Incrementing bean yield would imply increa-
sing its two components to avoid possible trade-offs

between NG and WG, however, traditionally grain
crop improvement has focused on increasing NG
(Mason et al., 2008; Sadras and Lawson, 2011). Whi-
le WG has had less attention (Castillo et al., 2017),
the low variability of PG found in this study high-
lights the need to improve this component, which
could help increase yield in bean crop.
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Figure 3. Relationship between yield and number of pods m~2 (A), number of grains m~2 (B), and 100-grain weight (C). Circles
represent experiment 1 and squares represent experiment 2, filled symbols indicate density 11 plants—2 and empty symbols
indicate density 4 plants m—2. Each point is the average of three replicates.

4 Conclusions

Increasing bean plant density from 4 to 11 plants
m~? led to grain yield increases averaging ~ 70 % in
the two experiments. A different response of yield
components to plant density modification was evi-
denced, NG is highly sensitive and increased by ~
73 % due to increase in the number of pods per unit
area at high density. Furthermore, NG is closely re-
lated with final grain yield (R2 = 0.97), while grain
weight was not affected by plant density modifica-
tion, reaching on average 42 + 3 g in all treatments.

To date, there is little evidence that has quanti-
fied the response of the numerical components of
bean yield and their association with final yield un-
der an ecophysiological approach in Andean envi-
ronments, where soil and climatic conditions differ
significantly from previous studies. Therefore, the-
se results constitute a basis for designing strategies
oriented to increase the yield of this important crop
under these agroclimatic conditions, especially to
improve grain weight and size, which has little res-
ponse to resource supply.
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