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Resumen

Los Procesos de Remocion en Masa (PRM), son peligros geomorfolégicos comunes en zonas de
montafia, son detonados principalmente por lluvias torrenciales o sismos y llegan a causar
afectaciones al medio ambiente, infraestructura, equipamiento y actividades econémicas. En su
mayoria la evaluacion de estos procesos geomdarficos, se ha desarrollado en las regiones ubicadas en
las franjas extratopicales de los hemisferios norte y sur, siendo las zonas intertropicales escasamente
estudiadas. Las zonas intertropicales concentran mas del 60 % de los eventos desastrosos a nivel
mundial, de los cuales en la region de América se concentra el 24 %, region a la que pertenece
América Latina y en la cual el principal detonante de los PRM son las lluvias generadas por eventos
climaticos extremos influenciados por el fendmeno del Nifio y de la Nifia. No obstante, se han
desarrollado escasos estudios que evalten la magnitud y frecuencia de los PRM, lo cual representa
un area de oportunidad para desarrollar estudios que permitan inventariarlos, caracterizarlos,
monitorearlos y finalmente gestionar los riesgos asociados a su ocurrencia.

Por ello, en esta investigacién se plante6 como objetivo general: Modelar la dinamica
espacio-temporal de los PRM a escala detallada ocurridos en el estratovolcan Pico de Tancitaro,
Michoacéan, México. El estudio comprendio tres fases: la primera consistié en realizar la revision
bibliométrica de estudios publicados en el periodo de 2000 a 2019 sobre peligro por PRM en
América Latina. La revision permitio identificar los avances y las areas de interés futuro para el
desarrollo de estudios de peligrosidad. La segunda fase consistid en realizar un inventario
multitemporal de los PRM en el estratovolcan Pico de Tancitaro, para identificar la ubicacidn,
tipologia, temporalidad y composicion de los PRM ocurridos en el periodo de 1995 al 2020, asi como
caracterizar sus factores condicionantes y detonantes. Finalmente, se realizd la reconstruccion
espacio-temporal del proceso de remocion en masa de mayor magnitud inventariado en el
estratovolcéan Pico de Tancitaro, ubicado en la cuenca de “La Culebra”, con esto fue posible generar
informacién geomorfolégica detallada del evento, describir la estructura del paisaje dentro y fuera
del area afectada, y aplicar técnicas dendrogeomorfoldgicas para conocer el potencial del Abies
religiosa para datar eventos geomérficos y conocer la magnitud del evento.

Los resultados de esta investigacion muestran un creciente interés por el estudio del peligro
por PRM en América Latina, resaltando entre otras técnicas a la dendrocronologia como técnica
novedosa para el estudio de la frecuencia y magnitud de estos procesos. Con relacion al inventario de
PRM a escala semidetallada (1:50,000) se identificaron 505 PRM ocurridos entre 1995 y 2020 en el
estratovolcan Pico de Tancitaro; los cuales se clasificaron como deslizamientos y flujos. Las rocas,
geoformas, pendiente, orientacion de laderas, suelos, uso del suelo y la vegetacion fueron los factores
condicionantes, todos detonados por lluvias torrenciales generadas por huracanes y tormentas
tropicales. El andlisis a escala de gran detalle (1:500) de la geomorfologia del PRM “La Culebra” lo
clasifico como un PRM complejo, cuyo basamento es de roca andesita y en la parte superficial
presenta depdsitos de caida (lapilli y ceniza del volcan Paricutin), sobre los cuales se desarrollaron
principalmente suelos andosoles y bosque de oyamel, que al ocurrir el evento fueron removidos.

Los resultados del analisis dendrogeomorfoldgico mostraron una alta correlacion entre las
cronologias de referencia y la de arboles impactados, lo que permitié confirmar el potencial de la
especie Abies religiosa para la reconstruccion espacio-temporal de procesos geomorfoldgicos. No
obstante, los anillos de crecimiento de los arboles solo presentaron una respuesta, identificada en la
madera temprana del afio 2016. Dicho evento fue detonado por las lluvias torrenciales de octubre de
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2015, los arboles con impacto mas evidente se ubicaron en la zona de acumulacion y con menor
impacto en la zona de desprendimiento, comprobando asi que el evento fue altamente peligroso y que
transportd una gran cantidad de escombros.

Las conclusiones principales de la presente investigacion fueron: a) el andlisis bibliométrico
permitié generar la primera base de datos sobre peligro por PRM en América Latina, la cual sefiala
los avances recientes y las areas de oportunidad para estudios futuros; b) el inventario multitemporal
de los PRM gener6 informacion sobre la distribucion a escala semidetallada de los PRM, asi como la
identificacion de las categorias con mayor importancia relativa para realizar estudios de
susceptibilidad y peligro en una montafia intertropical de México; c) el analisis detallado (1:500), del
PRM complejo “La Culebra”, permitié entender la dindmica geomorfoldgica y paisajistica; asi como,
el potencial dendrogeomorfologico del Abies religiosa, y reconstruir la magnitud del evento,
demostrando la eficiencia de las técnicas dendrogeomorfoldgicas para el estudio de la peligrosidad
por PRM. Lo anterior, contribuye a la comprension de los PRM en las zonas de montafa intertropical,
y aporta bases robustas para identificar las areas de atencion tedrico-practicas para desarrollar
estudios futuros que aumenten el conocimiento y fortalezcan la capacidad de gestion de peligros y
riesgos en estas zonas.

Abstract

Landslides are common geomorphological hazards in mountain areas. They are triggered mainly by
torrential rains or earthquakes and cause damage to the environment, infrastructure, equipment and
economic activities. For the most part, the evaluation of these geomorphic processes has been
developed in the regions located in the extratopical strips of the northern and southern hemispheres,
with the intertropical zones being scarcely studied. The intertropical zones concentrate more than
60% of disastrous events worldwide, of which 24% are concentrated in the American region, the
region to which Latin America belongs and in which the main trigger of landslides is rain, generated
by extreme climatic events influenced by the EI Nifio- La Nifia phenomenon. However, few studies
have been developed that evaluate the magnitude and frequency landslides, which represents an area
of opportunity to develop studies that allow them to be inventoried, characterized, monitored and
finally manage the risks associated with their occurrence.

Therefore, in this research the general objective was: Model the spatio-temporal dynamics of
landslides on a detailed scale that occurred in the Pico de Tancitaro stratovolcano, Michoacan,
Mexico. The study included three phases: the first consisted of carrying out a bibliometric review of
studies published in the period from 2000 to 2019 on landslide hazard in Latin America. The review
made it possible to identify advances and areas of future interest for the development of hazardness
studies. The second phase consisted of carrying out a multi-temporal landslides inventory in the Pico
de Tancitaro stratovolcano, to identify the location, typology, temporality and composition of
landslides that occurred in the period from 1995 to 2020, as well as characterize their conditioning
and triggering factors. Finally, the spatio-temporal reconstruction of the largest landslide inventoried
in the Pico de Tancitaro stratovolcano, located in the “La Culebra” basin, was carried out. With this
it was possible to generate detailed geomorphological information of the event, describe the landscape
structure inside and outside the affected area, and apply dendrogeomorphological techniques to know
the potential of Abies religiosa to date geomorphic events and to know the magnitude of the event.
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The results of this research show a growing interest in the study of landslide hazard in Latin
America, highlighting, among other techniques, dendrochronology as a novel technique for the study
of the frequency and magnitude of these processes. In relation to the landslide inventory on a semi-
detailed scale (1:50,000), 505 landslides were identified that occurred between 1995 and 2020 at the
Pico de Tancitaro stratovolcano; which were classified as slides and flows. Rocks, geoforms, slope,
slope orientation, soils, land use and vegetation were the conditioning factors, all triggered by
torrential rains generated by hurricanes and tropical storms. The analysis at a very detailed scale
(1:500) of the geomorphology of the “La Culebra” landslide classified it as a complex landslide,
whose basement is made of andesite rock and in the superficial part it presents fall deposits (lapilli
and ash from the Paricutin volcano), on which mainly Andosol soils and fir forest developed, which
were removed when the event occurred.

The results of the dendrogeomorphological analysis showed a high correlation between the
reference chronologies and that of impacted trees, which allowed us to confirm the potential of the
Abies religiosa (also known as oyamel fir or sacred fir) species for the spatio-temporal reconstruction
of geomorphological processes. However, the growth rings of the trees only presented one response,
identified in the early wood of the year 2016, this event was triggered by the torrential rains of October
2015, the trees with the most impact evidently, they were located in the accumulation zone and with
less impact in the depletion zone, thus proving that the event was highly hazardous and that it
transported a large amount of debris.

The main conclusions of this research were: a) the bibliometric analysis allowed the
generation of the first database on landslide hazard in Latin America, which points out recent
advances and areas of opportunity for future studies; b) the multi-temporal landslide inventory
generated information on the semi-detailed distribution of landslides, as well as the identification of
the categories with the greatest relative importance for carrying out susceptibility and hazard studies
in an intertropical mountain in Mexico; c) the detailed analysis (1:500) of the “La Culebra” complex
landslide allowed us to understand the geomorphological and landscape dynamics; as well as the
dendrogeomorphological potential of Abies religiosa, and reconstruct the magnitude of the event,
demonstrating the efficiency of dendrogeomorphological techniques for the study of landslide
hazardness. The above contributes to the understanding of landslides in intertropical mountain areas,
and provides robust bases to identify areas of theoretical-practical attention to develop future studies
that increase knowledge and strengthen the capacity for hazard and risk management in these areas.

Wl



Introduccion General

La evolucion, dindmica y distribucion de las geoformas y los procesos geomorfoldgicos son
estudiados por la Geomorfologia, considerandolos como el resultado de la interaccion de los agentes
constructores (vulcanismo-tectonismo) y modeladores (agua, hielo, viento y remocién en masa), no
obstante, actualmente se reconoce al hombre como uno de los principales agentes modificadores de
estos en las zonas de montafia (Urban & Rhoads, 2003; Matthews & Herbert, 2008; Strahler, 2013).

Los procesos geomorfoldgicos en areas montafiosas son muy comunes, estos procesos suelen
combinarse con eventos geofisicos extremos, con las modificaciones del uso de la tierra y con los
efectos del crecimiento poblacional hacia zonas con baja aptitud, incrementando sus efetos
modificadores sobre las geoformas y los paisajes, lo cual subraya la urgencia de mejorar la
comprension de sus interacciones, para asi lograr la mitigacion y adaptacion a los peligros y riesgos
asociados a su ocurrencia (Slaymaker, 2009; Stoffel & Corona, 2014).

Se entiende por peligro, al evento natural inesperado e incontrolable cuya magnitud pudiera
amenazar a la gente causando un dafio o pérdida potencial de vidas humanas, propiedades o al
ambiente (Middelmann, 2007; Bokwa, 2013). El peligro, puede ser estudiado por su probabilidad
espacial y temporal de ocurrencia, la primera esta en funcion de sus factores condicionantes, y la
segunda considera de manera indirecta los factores condicionantes y de manera directa los factores
detonantes (Van Westen et al., 2008, 2006).

En términos geomorfologicos, un peligro resulta de un cambio en la geoforma y paisaje que
afecta adversamente la estabilidad geomorfoldgica de un sitio o de una cuenca (Schumm, 1988), y
que intersecta los sistemas de uso humano generando impactos socioecondémicos negativos (White,
1974). Como consecuencia de la intensificacion de los peligros geomorfologicos, los riesgos se
multiplican (Slaymaker, 2010). La comprension de los procesos geomorfoldgicos y el conocimiento
de eventos pasados son tareas importantes para la evaluacién de peligros, asi como para la prevencion
y mitigacion de sus efectos al ambiente y en las actividades humanas (Enriquez et al., 2010).

Los Procesos de Remocion en Masa (PRM) se definen como el movimiento cuesta abajo de
una masa de roca, escombros o tierra bajo la influencia de la gravedad (Cruden & Varnes, 1996), que
pueden convertirse en peligros geomorfoldgicos. Los factores condicionantes y detonantes definen la
magnitud y frecuencia de los PRM y varian considerablemente de un lugar a otro, como
condicionantes podemos considerar al relieve, el angulo de inclinacion, la morfologia de las laderas,
el angulo de reposo, la consolidacion y el grado de fracturamiento del material parental, la litologia,
la estructura geoldgica, la vegetacion, y la influencia del agua superficial y subterranea; y como
detonantes a los factores climaticos, a la actividad sismica y volcanica, y la actividad humana (Lugo
et al., 2005; Mergili et al., 2015). Los PRM pueden ser lentos e imperceptibles o stbitos y violentos
con consecuencias desastrosas; y pueden clasificarse en deslizamientos, flujos, volcamientos, caidos,
reptacion o la combinacion de dos o mas de ellos (complejos) (Cruden & Varnes, 1996; Enriquez et
al., 2010; Hungr et al., 2014).

En las regiones montafosas, los PRM como los desprendimientos de rocas 0 movimiento de
detritos afectan areas habitadas o caminos (Hungr et al., 1999; Budetta, 2004), llegando a destruir
construcciones (Evans & Hungr, 1993), y causar dafios al medio ambiente y la pérdida de vidas
humanas (Bunce et al., 1997; Guzzetti, 2000; Baillifard et al., 2003). Los PRM se han convertido en
uno de los procesos geomorfoldgicos mas estudiados al convertirse en un peligro, cuya frecuencia y
magnitud puede verse incrementada debido al cambio climético global (Gobiet et al., 2014).



Los peligros relacionados a procesos geomorfolégicos son muy comunes en zonas
montafiosas, siendo la dendrocronologia una fuente proxy para la generacion de informacion espacio-
temporal precisa de eventos pasados, que se basa en el analisis de los anillos de crecimiento de los
arboles, permitiendo asi generar bases de datos robustas sobre los procesos geomorfoldgicos que
afectaron al arbol y comprender asi su magnitud y frecuencia (Slaymaker, 2010; Stoffel & Corona,
2014). La dendrogeomorfologia, definida por Alestalo (1971) como la aplicacion de la ecologia
vegetal y dendrocronologia a la investigacion en el campo de la morfogénesis y geomorfocronologia.
Su aplicacion se basa en el modelo “proceso-evento-respuesta” (Shroder, 1978). El “proceso” esta
representado por algun tipo de proceso geomorfolégico, por ejemplo; un flujo de escombros, caida
de rocas o deslizamientos. En el caso del “evento”, el proceso geomorfologico afectara a un arbol, el
cual reaccionara ante la perturbacion con un crecimiento determinado, Ilamado “respuesta” (Stoffel
& Bollschweiler, 2008). Es decir, los arboles pueden ser impactados, sus tallos inclinados, la base del
tallo enterrada, su corona y ramas rotas o sus raices denudadas, a todas estas acciones los anillos de
crecimiento tendran una respuesta en su crecimiento (Rubiales et al., 2009; Stoffel & Bollschweiler,
2009).

La comprensidn de los procesos geomorfolégicos y el conocimiento de eventos pasados son
tareas claves para la evaluacion de peligros. Los estudios de anillos de crecimiento de los arboles han
demostrado ser una herramienta confiable para la adquisicién de datos espaciales y temporales sobre
eventos y de peligros geomorfologicos del pasado, por lo que se considera una técnica util para la
comprension de procesos geomorfolégicos y especialmente de peligros (Stoffel et al., 2006; Stoffel
& Bollschweiler, 2008; Stoffel et al., 2010; Butler, 2013; Butler & Stoffel, 2013; De la Pefia, 2023).

Sin embargo, diferentes alteraciones geomorfoldgicas tienen expresion similar en la serie de
anillos de crecimiento de los arboles, asi como, similares causas de alteracién del crecimiento, por lo
que, es necesario que sean identificados a partir de fuentes complementarias antes de muestrearlos,
por ejemplo, revisién de cartografia geomorfoldgica, interpretacion de fotografias aéreas y consulta
de los archivos historicos (Stoffel & Bollschweiler, 2008, 2009; Stoffel et al., 2010).

En paises como México, el dato geomorfoldgico a la escala adecuada debe ser generado como
parte de los estudios de anillos de arboles debido a que no existe (Slaymaker, 2010). En los ultimos
afios en México se han aplicado técnicas dendrocronoldgicas para entender la dinamica, magnitud y
frecuencia de diversos peligros geoldgicos y geomorfoldgicos, demostrando su idoneidad en la
elaboracién de estudios paleoambientales (Franco et al., 2018; Vazquez & Franco., 2022). Esta
técnica usa como indicador a los anillos de crecimiento de los arboles, los cuales pueden utilizarse en
la reconstruccion de procesos morfodindmicos y determinar periodos de estabilizacion-
desestabilizacion geomorfoldgica en laderas y barrancos (Franco et al., 2018).

La evaluacion y andlisis de los peligros geomorfolégicos, especificamente los derivados de
PRM han sido ampliamente estudiados (Valdés et al., 2021). Los PRM en las Gltimas décadas han
cobrado mayor importancia, debido al incremento en los desastres desencadenados por cambios de
uso de suelo y desarrollo de asentamientos humanos en zonas susceptibles (CRED, 2020). El creciente
interés por el tema, se ha visto reflejado en el aumento de los estudios dendrogeomorfolédgicos en
Norteamérica y Europa, enfocados principalmente al analisis de peligros por procesos fluviales como
inundaciones y flujos de escombros (Ballesteros et al., 2015; Schraml et al., 2015; Silhan et al., 2015;
Silhan et al., 2022; Silhan, 2023; Tichavsky, 2023) y peligros por PRM como deslizamientos de tierra
y procesos complejos como avalanchas de nieve (Bovis & Jakob, 2000; Stoffel, et al., 2005 a, b, c;
Stoffel et al., 2008; Stoffel, et al., 2006; Stoffel et al., 2010; Stoffel et al., 2011; Lopez, et al., 2012;



Silhan & Stoffel, 2015), estos se han estudiado principalmente en ambientes periglaciares, generando
una gran cantidad de datos e informacién. Sélo algunos trabajos sobre PRM con técnicas
dendrogeomorfolégicas se han realizado en ambientes subtropicales de Argentina (Paolini et al.,
2005), y Grecia (Papadopoulos et al., 2007). En México, la dendrogeomorfologia ha sido escasamente
aplicada para el analisis de PRM, los cuales se han enfocado en el analisis de caida de rocas,
deslizamientos y flujos de escombros en el Sistema Volcénico Transversal y en la Sierra Norte de
Puebla (Stoffel et al., 2011; Franco et al., 2017; Franco et al., 2018; Pablo et al., 2020; Vazquez &
Franco, 2022; De la Pefia, 2023).

En México, las caracteristicas del relieve, climaticas y geoldgicas son propicias para el
desarrollo de PRM. No obstante, éstos se han incrementado de manera alarmante debido a la
deforestacion, la erosion, la alteracion del drenaje y el asentamiento de los habitantes en sitios
inadecuados para construir sus viviendas (Alcantara-Ayala, 2004). Los desastres por inestabilidad de
laderas se han concentrado principalmente en areas con pendientes pronunciadas, como es el caso de
las partes alta y media de cuencas montafiosas (Enriquez et al., 2010; Valdés et al., 2022). De acuerdo
con el mapa de zonificacidn de la peligrosidad de fenémenos geoldgicos-geomorfol6gicos de México,
estos eventos son mas comunes en zonas montafosas, como el Sistema Volcanico Transmexicano, la
Sierra Madre del Sur, la Sierra Chiapaneca y el norte de la peninsula de Baja California. Méas del 89%
de las areas susceptibles a inestabilidad de laderas se localizan en las zonas funcionales alta y media
de las cuencas, concentrando el 70% de un total de 5,215,000 habitantes susceptibles a ser afectados
por este tipo de peligro, lo cual hace necesario la elaboracion de estudios relacionados con la
ubicacion espacial, prevencién y mitigacion de esta amenaza (Enriquez et al., 2010).

El Centro Nacional de Prevencion de Desastres (CENAPRED, 2001), indica que el Sistema
Volcanico Transversal presenta potencial alto para que se presenten PRM. Ademas, se localiza en la
zona centro de México siendo constituido por un relieve geologicamente joven, conformado durante
el Terciario y Cuaternario, donde predominan sistemas montafiosos de origen volcanico y una
tectdnica activa (Ferrari, 2000). Condicion que sugiere la ocurrencia de procesos geomorfol4gicos
con cierta frecuencia, sobre todo en areas geomorfol6gicamente activas, con escasa vegetacion e
importantes cambios de uso de suelo, afectadas también por fenémenos hidrometeoroldgicos como
los huracanes provenientes del Océano Pacifico y Golfo de México (Franco et al., 2018).

Lo anterior indica que, la mayoria de los estudios se han desarrollado en regiones montariosas
del hemisferio norte, por lo que el desafio es, realizar investigaciones en zonas de montafia con climas
intertropicales, asi como poner énfasis en el estudio de procesos no abordados anteriormente, para
asi, mejorar enfoques y métodos utilizados cominmente en la investigacién y comprension de los
procesos geomorfolégicos, incrementar el conocimiento de técnicas indirectas como la
dendrogeomorfologia, aportar informacion a escala espacial y temporal exacta de los afios de
ocurrencia de eventos y generar un aporte sustancial y moderno al estudio y manejo de los peligros
geomorfologicos.

Por lo tanto, en la presente investigacion se planteé como pregunta de investigacion: ¢ Cuales
son las ventajas del uso de modelos y herramientas de analisis dendrogeomorfoldgico en la evaluacion
de peligros por procesos de remocidn en masa, en zonas de montafia intertropical?

Para responderla se definié como objetivo general: Modelar la dindmica espacio-temporal de
los procesos de remocion en masa a escala detallada ocurridos en el estratovolcan Pico de Tancitaro,
Michoacan, México.



Para cumplir con este objetivo se plantearon cuatro objetivos particulares: 1) analizar el
estado actual del estudio de peligros por procesos de remocion en masa en América Latina; 2) conocer
la distribucion espacial multitemporal y la tipologia de los procesos de remocién en masa en el
estratovolcén Pico de Tancitaro; 3) describir los agentes condicionantes y detonantes de los procesos
de remocion en masa en el estratovolcan Pico de Tancitaro; y 4) reconstruir espacio-temporalmente
un PRM en el estratovolcan Pico de Tancitaro mediante técnicas dendrogeomorfoldgicas.

Para cumplir con los objetivos planteados se estructurd la tesis en 3 capitulos: en el capitulo
| se aborda el panorama actual del estudio de peligros por PRM en América Latina mediante una
revision del estado del arte. Este capitulo muestra los resultados de la revision bibliografica y
bibliométrica de los estudios publicados en América Latina sobre peligro por PRM en el periodo de
2000-2019, para lo cual, se realiz6 una blsqueda en cinco bases de datos (Scopus, WoS, SciELO,
REDIB y Redalyc), cuyo analisis se aborddé mediante cuatro categorias: 1) Informacion general, 2)
Area de estudio, 3) Objetivos de la investigacion y 4) Metodologia. Con los resultados del capitulo
se analizo el estado del arte en el temay se logro identificar los avances recientes y las areas de interés
futuro, conformando un aporte sustancial para el estudio de peligro por procesos de remocion en masa
en las zonas intertropicales. Este capitulo fue publicado en la revista Physical Geography (Valdeés et
al., 2023).

En el capitulo 11, se realiz6 un inventario multitemporal de PRM en una montafia intertropical
del Centro-Oeste de México. En este capitulo se identifico la distribucion espacial, multitemporal y
la tipologia de los PRM ocurridos en el estratovolcan Pico de Tancitaro, también se describieron los
agentes condicionantes y detonantes de los PRM. Los resultados muestran la cartografia de un
inventario multitemporal de PRM del estratovolcan Pico de Tancitaro y del analisis de los factores
condicionantes y detonantes de estos procesos. Los resultados obtenidos fueron de utilidad en la
caracterizacion detallada de los PRM ocurridos en el estratovolcan Pico de Tancitaro, se generd
informacién cartografica base para el desarrollo de estudios de susceptibilidad, peligro,
vulnerabilidad y riesgo en la zona de estudio. Con lo anterior se contribuye a la planeacion territorial
y a la gestion del riesgo de desastre en las zonas de montafia intertropicales. Este capitulo fue
publicado en la revista Journal of Mountain Science (Valdés et al., 2022).

En el capitulo 11, se realiz6 un anélisis de la peligrosidad por un PRM complejo en el
estratovolcan Pico de Tancitaro, México. Primeramente, se llevd a cabo su caracterizacion
geomorfoldgica y de la estructura del paisaje, y posteriormente el analisis dendrogeomorfoldgico de
del evento. Los resultados de este capitulo permitieron generar datos espaciales y temporales a escala
de gran detalle, y comprobar la eficiencia de los analisis dendrogeomorfol6gicos para el estudio del
peligro, la exposicion, la vulnerabilidad y el riesgo por procesos de remocidn en masas complejos.
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ABSTRACT ARTICLE HISTORY
Over the last faw decades, the impact of landslides has increased Received 21 January 2021
in Latin America. However, there is a deficiency in the region of ~ Accepted 5 Seprember 2021
diagnostic studies on landslide hazards. This review analyzes the . 000

state of the art of studies on landslide hazard occcurred in Latin Geomarphology;
America. A search for articles published from 2000 to 2019 was intertopical zores:
carried out in Scopus, Wa$, SciELQ, REDIB, and Redalyc. The search landslides: natural hazards:
yielded 1,365 publications, which were purged obtaining 283 risk managemment
articles, analyzed through a database organized in four categories:

general information, study area, research objectives, and metho-

dology. We identified an increase in the number of publications

from the year 2011, Seventy-five percent of the 20 countries in the

region published papers on landslides that had eccurred in these

countries, mainly research focus on susceptibility and character-

ization, and a reduced number, on hazardousness, inventaries,

trigger factors and conditioning factors. The results suggest the

opportunity to incorporate novel methods, tools, techniques, and

inputs into research of landslides in Latin America. This review

constitutes an analytical and critical contribution to the study of

landslide hazards in the region and indicates the studies that are

urgent to enforce its integral management in the region and in

other intertropical zones.

Introduction

Since 1980, disasters caused by natural hazards have affected 2.5 million people through-
out the world causing a total economic loss of 3 trillion dollars, which represents an over
600% increase from the 23 billion dollars per year during the 1980s, to 150 billion dollars
annually during the last decade (WBG, The World Bank Group, 2019). Between 2000 and
2019, the disastrous events concentrated mainly in the Asian (42%), American (24%),
European {18%) and African (16%) regions, mastly due to extreme climatic events
(CRED, Centre for Research on the Epidemiology of Disasters & UNDRR, United
Nations Office for Disaster Risk Reduction, 2020).
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Natural hazards are natural phenomena, processes, or events that occur unexpectedly or
uncontrollably and in an unusual magnitude that are capable of causing loss of life, injuries,
or other impacts on human health, damage to property, socioeconomic disruption, and
environmental degradation (Bokwa, 2013; Middelmann & [Ed.], 2007; UNISDR, United
Nations International Strategy for Disaster Reduction, 2019). Hazard is expressed as
probability of occurrence within a reference period and is a function of the spatial
prabability - static environmental or conditioning factors - and the femporal probability
related indirectly to static factors and directly to dynamic factors (triggering factors) (Van
Westen et al., 2008, 2006). Natural hazards are associated with geological, geomorphic, or
hydrometeorological processes and their combinations. Geomorphic processes predomi-
nate in mountainous zones, where natural hazards like landslides are common (Sepulveda
& Petley, 2015; Stoffel & Corona, 2014). Landslide — mass wasling or mass movement — is
defined as the downslope movement of a mass of rock, debris, or earth under the influence
of gravity (Cruden & Varnes, 1996). Over the past few decades, landslides have become one
of the most studied geomorphic processes due to the hazards they represent. Recent reports
have shown an increase in frequency, distribution, and magnitude of landslides due to
climate change, particularly torrential precipitation events (Borgatt. & Soldati, 2010
Froude & Petley, 2018; Gariano & Guzzetti, 2016; Gobiet et al., 2014).

Landslides can occur either suddenly or slowly and be classified into flows, slides,
topples, falls, spreads, or a combination of two or more of these classes {Cruden &
Varnes, 1996; Hungr et al,, 2014). These processes are triggered by events such as intense
and prolonged precipitation, rapid snow melting, earthquakes, volcanic activity, floods,
and a variety of human activities (Alcintara-Ayala, 2000; Mergili et al, 2015).
Understanding the underlying geomorphic processes and knowledge about past events
are essential requirements for assessing the hazards from landslide events. For that
reason, a better understanding of geomorphic processes and its effects on landscapes
are needed to increase the adaptation and mitigation capabilities to risks derived from the
intensification of geomorphic hazards (Slaymaker, 2010).

Several approaches have been used to study the landslide hazards as corroborated by
review publications on the use of GIS for landslide hazard assessment (Huabin et al,
2005), the use of spatial data to evaluate susceptibility, hazards and vulnerability from
landslides (Van Westen etal., 2008}, image processing and remole sensing to map natural
hazards and disasters (Joyce et al., 2009), mapping tools to generate landslide inventory
maps {Guzzetti et al., 2012), and methods for the classification of landslide impacts and
processes (Alimohammadlou et al, 2013).

During the past five years, review articles focused on the analysis of the methodologies
used to evaluate landslide susceptibility, hazard, and risk were published. Among which
are: an analysis of multi-risk methodologies for natural hazards (Gallina et al., 2016), the
statistical methods in the assessment of landslide susceptibility (Reichenbach et al,, 2018),
the nature-based solutions to reduce the risk of shallow landslides (Arce et al., 2019), the
quantification methods for multi-hazard interrelationships (Tilloy et al,, 2019}, and the
advances and limitations of geophysical methods in landslide studies (Pazzi et al,, 2019).
In the same period, other important reviews were published such as: landslide in
response to climate change (Gariano & Guzzetti, 2016}, debris-flow monitoring and
warning (Hurlimann et al., 2019), multi-risk assessment in mountainous regions (Terzi
et al, 2019}, and landslide early warning systems (Guzzetti et al., 2020).
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The above-mentioned reviews focus mainly on Europe and North America,
indicating the need for studies on landslide hazards in Latin America, Africa,
Southern Asia, and Oceania, especially in the intertropical regions. The latter need
is crucial because the intertropical zones are the most densely inhabited areas, which
has multiplied the disaster risk in the settlement affected by geomorphic hazards
(Arce et al, 2019; Petley, 2012). The intertropical mountainous regions have high
rates of land use change. Deforestation promotes the establishment of croplands,
grazelands or forestry surfaces and could become landslide-susceptible areas
(Huddleston et al., 2003).

The rise in frequency of intense rainfalls and the occurrence of high magnitude
earthquakes has also increased the number of recurrences of landslide events
(Kérner & Ohsawa, 2005; Slaymaker & Embleton, 2018; UNISDR, United
Nations International Strategy for Disaster Reduction, 2019). Because of its geo-
graphic location, Latin America is severely exposed to hydrometeorological
hazards like hurricanes, tropical storms, and flooding, as well as to geophysical
hazards such as landslides, earthquakes, tsunamis, and volcanic eruptions (ECLAC,
Economic Commission for Latin America and the Caribbean, 2014). These natural
hazards affect the region’s 216 million inhabitants, a population that represents
38% of the global total. The most affected sectors correspond to housing (74%),
followed by the productive sector (19%), and the infrastructure (7%) (ECLAC,
Economic Commission for Latin America and the Caribbean, 2005, 2014; UNDP,
United Nations Development Programme, 2020). Between 1970 and 2011, the
region concentrated 14.3% (367) of the total world disasters - mainly landslides
and earthquakes — that were analyzed in several case studies published as scientific
articles (ECLAC, Economic Commission for Latin America and the Caribbean,
2014; Petley, 2012).

A few review articles about natural hazards and risks at global and regional levels
mentioned Latin American countries. Sepilveda and Petley (2015} identified the
Dominican Republic, Haiti, Costa Rica, El Salvador, Guatemala, Honduras, Mexico,
Nicaragua, Panama, Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Peru and
Venezuela as the countries with the highest number of fatalities caused by land-
slides. Mexico, Peru, and Argentina were considered in the study on the effect of
climate change on landslides (Gariano & Guzzetti, 2016). Arce et al. (2019) men-
tioned that land cover plays a key role in the reduction of shallow landslide risks in
Mexico, Guatemala, Nicaragua, Costa Rica, Colombia, Ecuador, Brazil, and Chile.
Additionally, Guzzetti et al. (2020) indicated that countries like Guatemala, El
Salvador, Honduras, Nicaragua, Costa Rica, Panama, the Dominican Republic,
Colombia, and Brazil have applied geographical analysis for elaborating landslide
early warning systems.

Despite this, there is a lack of systematic analyses of the different approaches of
landslide hazard studies in Latin America. To evaluate this, we reviewed the available
literature on landslide hazards that has happened in the region, considering all the stages
necessary to describe its spatial distribution and temporal probability (environmental
factors, triggering factors, and landslide inventories). The review allowed to identify
needs and opportunities in future research of geomorphic processes, landslide risk and
disaster management, and land use planning in the region.
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Materials and methods
The search for scientific articles

A search was carried out in the Scopus, WoS (Web of Science); and SciELO (Scientific
Electronic Library Online), REDIB (Red [beroamericana de Innovacidn y Conocimiento
Cientifico), and Redalyc (Red de Revistas Cientificas de América Latina y el Caribe, Espasia
» Portugal), which are the most robust databases of Latindex (Sisterma Regional de
informacion en Linea para Revistas Cientificas de América Lating, el Caribe, Espana
v Portugal). The produced database covers a twenty-year period (from 01/01/2000 to
12/31/2019) and highlights recent research trends. Boolean operators were used that
include different ways to refer to landslide processes, and their typology by means of 27
keywords (Table 1),

The search was carried out using the title, keywords, and the summary of the
articles. We used quotation marks between the keywords, and they were connected
by the OR logic operator. The query included Argentina, Bolivia, Brazil, Chile,
Colombia, Costa Rica, Cuba, Ecuador, El Salvador, Guatemala, Haiti, Honduras,
Mexico, Nicaragua, Panama, Paraguay, Peru, the Dominican Republic, Uruguay, and
Venezuela, which are the 20 countries in the Latin American region (EcuRed
contributors, 2019; RAE, Real Academia Espaiola, 2005); articles in English,
Spanish, and Portuguese were compiled.

In Scopus, the search focused on Earth and Planetary Sciences and Environmental
Sciences. In WaS, SciELO, and REDIB, the consulted research areas were Physical
Geography, Geology, Geography, Environmental Sciences, Environmental Studies,
Meteorclogy Atmospheric Sciences and Water Resources. In Redalyc, the Earth
Sciences, Geology, Geography and Territorial Studies areas were covered.

Depuration of the articles database

The articles resulting from the search of the keywords were chosen — by hand, case by
case - by selecting those referring to landslide hazard on continental surfaces, discarding
studies in oceanic environments. We discarded articles dealing with the following topics:
vulnerability, exposure to threat, risk perception, risk, prevention, early warning, and
disaster, because they represent later stages of landslide hazard. Also, articles about
exogenous processes like soil erosion, flooding, subsidence, lahars, and tsunamis. The
depuration obeyed to the fact that the above-mentioned topics did not contribute to the
objective of this review.

Subsequently, we compared each database (Scopus, WoS, SciELO, REDIB, and
Redalyc) to identify duplicate articles. The articles found in two or more datasets were
purged, leaving a single version of the repeated titles.

Data systematization and analysis

The resulting articles were evaluated in four categories: (1) General Information (who
and when), (2) Study Area {where), (3) Research Objectives (what and why), and (4)
Methodology (how and with what). Each category was divided according to the possible
answers to the posed questions (Table 2).
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Table 1. Keyword list used for article search.

ch

Keywiord

Definition

Spanish translation

Landslices
Mass
movern ent
processes
Gravitational
processes
Slope
plocesses
slope
instability
Geomorphic
processes
Geomotphic
hazards
Mass
MOVerent
hazards
Mass wasting
hazards
Rock fall

Dreboris fall
Farth fall

Rock topple
Debris topple

Earth topple

Rock slide
Detis slide

Earth slide
Rock flow
Debris flow

Earthy flow

Rock spread
Debris spread

Earth spread

Rock avalanche

Debis
avalanche

Farth
avalariche

The movement of a mass of rodk, debris or earth down a slope,
influenced by gravity (Cruden & Yarnes, 1996; Alcintara-Ayala,
2000). They are physical systems that develop in time through
several stages, and encompass all types of mass movements
{Hungr et al. 2014),

Manilestation of mechanical stresses operating on earth materials to
produce various forms of strain (Rhoads, 2013),

Those hazards caused by exogenic processes due fo the action of
waler, wind, ice and gravity (Marston et al., 2017).

Physical entity, process or situation — that has the potential to cause
damaqge, The threatening condition resulting from the activity -
magnitude or frequency - of that process, expressed as the
probability of eccurrence of a damaging landslide (M. Crozier,
2013).

Detachment of soil of rock rom a steep dong a surface on which
little or no shear displacement takes place. The material then
descends mainly through the air by falling, boundng or rolling.
Movement is very tapid to extremely rapid (Cruden & Varnes,
1996),

It is the forward rotation out of the slope of & mass of soll or rock
about a point or axis below the center of gravity of the displaced
mass, Toppling is sometimes driven by gravity exerted by material
upslope of the displaced mass and sometimes by water or ice in
cracks in the mass. Topples range from extremely slow to
extremely rapid, somefimes accelerating throughout the
movement (Cruden & Yames, 1996}

Itis a downslope movement of a soil or rock mass eccurring
dominantly on surfaces of rupture or on relatively thin zones of
intense shear strain. Movement does not initially ocour
simultaneously over the whaole of what eventually becomes the
surface of rupture; the volume of displacdng material enlarges from
an area of local faflure (Cruden & Varmes, 1996).

Itis a spatially continuous movement in which surfaces of shear are
shortdived, dosely spaced, and usually not preserved, The
distribution of velodties in the displacing mass resembles that in
aviscous liquid, The lower boundary of the displaced mass may be
a surface along which appreciable differential moverment has
taken place or a thick zone of distributed shear (Cruden & Vames,
1996).

An extension of a cohesive soll or rock mass combined with a genesal
subsidence of the fractured mass of cohesive material into softer
undetlying material. The surface of rupture is not a surface of
intense shear. Spreads may result from liquetaction or flow of the
softer material (Cruden & Yarnes, 19496),

Very rapid or extremely rapid, massive or shallow flow motion of
fragmented rock, debris or soil, partially or fully saturated on
a steep slope, without confinement in an established channel.
Usually initiate as slides or falls and are associated with failures or
residual soil, colluvial, pyrodastic, or organic venner (Hungr ef al,,
2014}

Deslizamientos
Procesos de remocion en
masa

Procesos gravitadonales
Procesos de ladera
Inestabilidad de ladera
Procesos geomaorfoldgicos
Peligros geomorfoldgicos

Peligros por procesos de
remociin en masa

Peligros por procesos
remocidn en masa

Caida o desprendimiento de
rocas

Calda o desprendimiento de
derrubios o escombros

Calda o desprendimiento de
fierra

Yielco o desplome de focas

Vuelco o desplome de
derrubios 0 escombros

Yuelco o desplome de tierra

Deslizamiento de rocas

Deslizamiento de demubios
o escombros

Deslizamiento de tierra

Flujo de rocas
Flujo de defrublos
o escombros

Flujo de tierra

Expansion lateral en rocas

Expansion lateral en
derrubios o escombiros

Expansion lateral en tiema

Avalancha de rocas

Avalancha de dermubios
o escombros

Avalancha de tierra

The methods used in the articles were classified according to the classification
of hazard assessment methods of Soeters and van Westen (1996), Van Westen
et al. (2008), and Van Westen et al. (2008). This classification includes six
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Table 2, Variables used in the individual assessment of articles.

Cateqory Variable Description
General information Langquage What is the language of the publication?
Souice What s the complete reference of the aitide?
Who. When
Institution What was the: responsible institution (first authon)?
Author Who was the lead author?
lournal In which journal was the arfide published?
Year When was the article published?
Study area Where
Country I which couniry was the research applied?
Scale What was the spatial scope of the research mace?
Funding source Wha financed the research?
fesearch ohjectives What Why
Topic What were the application areas of the study?
Type of pocess What type of process was studied?
Material What were the physical characteristics of the process?
Spedfic approach What was the spedhc area of interest addressed in the study?
Triggesing factor What was the factor that ylelded the event?
Methadology How. With what
Method Which were the approaches applied?
Tool What were the applications and instruments that were Used?
Technique What were the procedures that were followed?
Materials Which were the inputs used?

approaches: 1) Inventory: It consists of locating the phenomena and determining
its typology, mechanisms, triggering factors, frequency of occurrence, volumes,
and the damage caused; 2) Heuristic: Tt allows to analyze qualitative maps, which
are evaluated and weighted based on expert knowledge about the probability of
process occurrence; 3) Statistical: It allows evaluating the spatial probability, but it
is deficient in the temporal probability evaluation; 4) Deterministic: [t requires
detailed databases about the spatial variations of the parametric values, which
are the inputs for the stability models providing a calculation of safety
factors; 5) Characterization: Those studies that encompassed the geological-
geomorphological, hydrometeorological, seismic, andfor land cover descriptive
studies that were not approached through the four above-mentioned methods;
and 6) Heuristic-Statistical: Includes research in which heuristic and statistical
methods were applied or compared.

Results

The search of the 27 keywords resulted in 1,365 articles, 353 in Scopus, 175 in Wao$, 176 in
SciELO, 118 in REDIB, and 543 in Redalyc. After applying the first filter, we obtained a total
of 404 articles (Figure 1), Of the 404 listed articles, 200 were unduplicated and 197 were found
in two or more of the databases. The list with 197 articles was purged by leaving a single
version of the repeated titles, with which we obtained 83 articles. The final list included 283
articles including the 200 unduplicated articles {included only in one database) and the 83
articles that were repeated in more than one database (Appendix-Table Al).

Of the 27 keywords used in the original search, only the following 15 matched in the
titles, keywords, and English abstract of the 283 selected articles: landslides, gravitational
processes, geomorphic hazards, mass movement hazards, mass movement processes,
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Figure 1. Distribution of articles by database including results from the original search and from the
analysis after application of the first filter.

mass wasting hazards, slope processes, slope instability, rock fall, rock slide, debris slide,
debris flow, earth flow, rock avalanche, and debris avalanche. The keywords having no
matches were geomorphic processes, debris fall, earth fall, rock topple, debris topple,
earth topple, earth slide, rock flow, rock spread, debris spread, earth spread and earth
avalanche, which was due to the studied processes not having been classified in any of
these categories or not included in the title, keyword or abstract.

One keyword was matched in 70.7% (200) of the publications, landslides (135),
debris flow (20), and mass movement processes (13) were the most frequently
matched, which shows that these are the most common words used in the region
to refer to gravitational processes. Matches were also found for the keywords debris
avalanche (10), rock avalanche (6), slope instability (6), gravitational processes (4),
mass wasting hazard (2), rock fall (2), mass movement hazards (1), and slope
processes (1). Two keywords were matched in 24.7% (70) of the publications in
20 combinations and three keywords coincided in 4.6% (13) of the publications in
12 combinations (Figure 2).

Studies on landslide hazards

Between 2000 and 2019, we observed an exponential increase in the number of
published articles about landslide hazards, with a significant annual increment
(R* = 0.913). In the last six years (2014-2019), 54.1% of the total articles were
published. This period concentrated the main production years (2015, 2017, 2018
and 2019), with values that were higher than the production mean (22 articles)
reported for the last nine years (2011-2019). The number of articles published
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Figura 2. Keywords matched in the analyzed articles
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Figure 2. Keywords matched in the analyzed articles.

per year between 2000 and 2010 was under 15 (7 in average), adding to 82
articles for the period. Since 2011, the publications show an increasing trend
reaching 283 articles by the year 2019, a vear in which 35 articles were produced
(Figure 3).

The articles were published in 103 scientific journals, but most of them (53.4%)
were concentrated in 16. The journals with the highest numbers of publications
were Revista de la Asociacion Geoldgica Argenting with 23 (8.1%), Investigaciones
Geogrdficas with 16 (5.7%). Landslides with 13 (4.6%), Natural Hazards with 12
(4.2%), Revista Mexicana de Ciencias Geoldgicas with 12 (4.2%), Geomorphology with
11 (3.9%), Boletin de la Seciedad Geoldgica Mexicana with 10 (3.5%), fournal of
Volcanolagy and Geothermal Research with 9 (3.2%), Quaternary International with
7 (2.59%), Bulletin of Engineering Geology and Environment with 7 (2.5%), Revista
Geoldgica de América Central with 6 (2.1%), Natural Hazards and Earth Systems
Sciences, Engineering Geology, Revista Brasileira de Geomorfologia, Revista
Geogrifica Venezolana, and Revista EIA, with 5 publications each. The remaining
articles (46.6%) were published in 87 scientific magazines.
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The affiliation of the articles’ lead authors was distributed among 112 institu-
tions including universities, and research institutes and centers. Over half (56.2%)
of the published articles concentrated in 17 institutions located in Mexico,
Argentina, Chile, Colombia, Costa Rica, Brazil, Cuba, Venezuela and France.
The institutions with the most publications were, in decreasing order, the
Universidad Nacional Auténoma de México (18.4%), the Imstituto Argentino de
Nivologia, Glaciologia y Ciencias Ambientales-Consejo Nacional de Investigaciones
Cientificas y Técnicas (IANIGLA-CONICET) (5.3%), the Universidad de Chile
(3.9%), the CONICET-Universidad Nacional de San Juan, the Universidad de
Buenos Aires and the Universidad Nacional de Colombia (3.2% each), and the
Universidad de Costa Rica and the Universidade de Sae Paule (2.5% each)
(Figure 4).

A total of 138 (48.8%) articles were written in English, which was the most
frequent language, followed by 122 (43.1%) articles in Spanish and 23 (8.1%) in
Portuguese. Between 2000 and 2009, 26.1% of the total articles were produced, i.e.
41 articles in Spanish, 32 articles in English and one article in Portuguese. For the
period 2010-2019, 73.9% of the total articles were produced, prevailing 106 articles
in English, followed by 81 articles in Spanish and 22 articles in Portuguese. The
highest number of papers in English were published in Landslides (13), Natural
Hazards (12), and Geomorphology (11). The Revista de la Asociacidn Geoldgica
Argentina (21), Investigaciones Geogrdficas (13), and Revista Mexicana de Ciencias
Geoldgicas (11) published the most articles in Spanish. Finally, the Revista
Brasileira de Geomorfologia (4), Geologia USP (2), Caderno de Geografia (2), and
Pesguisas em Geociencias (2) were the journals with the highest number of articles
in Portuguese.
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Figure 3. Number of published (bars) and accumulated (line) articles per year during the 2000-
2012 period.

Figura 3. Number of published (bars) and accumulated (line) articles per year during the 2000-2019 period.
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Figure 4. Lead author affiliations.

Spatial distribution of published research on landslide hazards

During the analyzed period, only 15 of the 20 Latin American countries published articles
on landslides, Six of these countries concentrated 82% of the publications: Mexico with
27.2% (77), Brazil with 18.7% (53), Argentina with 15.5% (44), Colombia with 10.6%
(30), Costa Rica with 4.9% (14), and Chile with 4.9% (14). The remaining 18% corre-
sponded to 51 articles published in Venezuela (11), Peru (11), Cuba (7), Ecuador (7}, El
Salvador (4), Chile-Argentina (4). Nicaragua (3), Bolivia (2), Panama (1), and Honduras
(1) (Figure 5).

One hundred and ninety-six articles (69% of the total number) covered regional
scales — at the levels of hydrographic basins, provinces, autonomous communities,
and groups of states and municipalities, 58 (24%) publications were detailed case
studies of several types of landslides at the local scale, and 19 (7%) articles were at
the municipal scale including case studies of municipalities, cities, or towns.

72.4% of the total articles analyzed were financed (205 articles), of these, 168 by
national agencies, 20 by international and 17 received mixed support (national and
international). 94.6% of the financed articles (194) received funding from public
agencies, 4.9% (10) from public and private, and one research was funded by
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Figura 5. Distribution of articles published on landslides occurred by country in Latin America
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Figure 5. Distribution of articles published on landslides occurred by country in Latin America.

a private agency. Mexico, Brazil, Argentina, Colombia and Chile, were the countries
with the highest number of financed articles, they concentrated the 81.5% of
financed articles (Table 3).

Approaches followed in landslide hazards research

The main subjects covered in the publications were: susceptibility based on spatial
modelling (99 articles-35%); characterization based on geological and geomorphological
descriptions (89 articles-31.4%); inventory based on localization, typology, frequency,
and volume of events (35 articles-12.4%); hazardousness based on historical records to
calculate return periods and the development of models, menitoring, and proposals (24
articles-8.5%); triggering factors accounting for precipitation and earthquake behavior
(22 articles-7.8%); and conditioning factors based on the analysis of rocks, geotforms,
soils, and vegetation (14 papers-4.9%).

The analyzed articles focused on seven specific topics. 70.7% were concentrated in
two of them: 1) modelling: of slope instability, susceptible zones, and evenl recur-
rence (106 articles-37.5%); and 2) geological and geomorphological analysis: based
on morphometric, petrographic, stratigraphic, granulometric, and typological studies
(94 articles-33.2%). The remaining 29.3% of the publicalions were focused on five
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Table 3. Financed articles by country.

Agency Total
Country National International {articles)
Mexico Mational Autonomous University of Mexico;  International Program on Landslides, Us 63
National Councdil of Sdence and Mational Scence Foundation, US Army
Technology: Secretariat of Finance and Research Office; University of Fribowrg
Public Credit; National Institute of Statistic
and Geography; Autonomous University of
San Luiss Michoacan University of San
Nicolas de Hidalgo; Chiapas University of
Sciences and Arts; University of Colima;
Civil Protection; National Center for
Disaster Prevention; Federal Hectricty
Commission
Brazil Mational Coundil for Scientific and 41
Technological Development; Coordination
of the Training of Higher-Level Personnel;
Sa0 Paulo-Rio Grande do Soul-Rio de
Janeiro-Minas Gerais State Research
Support Foundation, Federal District
Research Support Foundation, PETROBRAS
SA: Ouro Preto Federal University: State
University of Rio de laneiro: Federal
University of Parand; Federal University of
Pernambuco; Sao dos Campos-Dugue de
Caudas Civil Defense
Mgenting Mational Coundl for Sclentific and Technical  International Center for Geoharards, IADE 33
Research, Argentine Mining Gealogical {Inter-American Development Bank):
Service, Mational Agency for Sdentific and Coordination of the Training of Higher-
Technological Promotion; Federal Cound Lewel Personnel; University of Aberdeen;
of Sdence and Technology: University of Humbaoldt Foundation;
Cuye: National University of San Juan; GeoChungsZentrum Potsdam;
University of 5an Luis
Colombia  Mational University of Colombia; Colombian  Hans Wilsdort Foundation, IABD, Japanese 19
Geological Service; Pentifical University Government; US Ministry of Economy and
Javenana Colombian Assodation of Compelitiveness; National Autonomous
Patroleum Geologists and Geophysicist: University of Mexico
University of Antioguia: Tolima University:
Andes University; Ecopetrol S.A: National
Federation of Coffee Growers: Mational
Center for Coffee Research: Industrial
University of Santander; National Unit for
Disaster Risk Management
Chile University of Chile; National Commission for  Bristol University, Nature Envitonment 11
Sclentific and Technological Research: Research Coundl; National University of
Andes Foundation; Mational Geology and Cuyo: IABD,
Mining Service.
Peru Peruvian Geological Survey, Peruvian French Space Agency: European Space 9
Geophysical Institute; Geological, Mining Agency; French Development Research
atid Metallurgical Insritute, Institute
Veneruda  University of Zulia; Central University of University of Oslo; University of Ueida: 7
Venezuela: Venezuelan Foundation for Polytechnic di Torino; Eeole Polytechnique
Sedsmological Research; Merida Institute Federal of Lausanne; International Centre
for Givil Protection and Disaster Prevention  for Theoretical Physics
Feuador Secretary of Higher Education, Sdence, German Research Foundation 5
Technology and Innovation
Costa fica  University of Costa Rica; Geological Scences  German Research Foundation 1
Research Center
Chile- University of Chile; National University of . 4
Argenting  Cuyo; Millennium Initiative
H Salvador  Ministry of Education and Science: Ministry of - Spanish Ministry of Sdence and Education; i
Erwironment and Natural Resources Polytechnic University of Madrid
(Continued)
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Figura 6. Types of landslides studied in Latin America
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Table 3. (Continued).

Agency Total
Country National International {articles)
Micaragua  Polytechnic University of Nicaragua Generalitat de Catalunya; Consolider Ingenio, 3
Urdversity of Barcelona
Bolivia - Chilean National Fund for Scientific and 2

Technological Development: Canadian
Natural Sciences and Engineering Research
Council
Panama Ingenieros Geotéonicos 5.A.; Panama Metro; - 1
Tocumen Experimental Center

topics: 1) Inventories: describing the location, evolution, and distribution of land-
slide events (35 articles-12.4%); 2) geological, geomorphological, and hydrometeor-
ological analysis: based on precipitation databases (29 articles-10.2%); 3) model
comparisons; contrasting the efficiency of different spatial and numerical models
for representing landslides (7 articles-2.5%); 4) geological, geomorphological, and
seismic analysis: using seismic databases (6 articles-2.1%); and 3} geological, geo-
morphological, and land cover analysis (6 articles-2.1%).

The studied types of processes were, in decreasing order: landslides (56.9%), it means
that within most of the studies the type of processes was not typified or covering more
than four types of processes; slides (13.1%): flows (10.6%); and avalanches (9.2%)
(Figure &). The category “general”, refers to studies that did not specily the type of
materials or considered all of them, including 186 publications (65.7%). The material
studied in 55 publications (19.49%) was referred to as debris; in 21 (7.4%) as rocks; and in
12 (4.2%) as debris-rocks. In 4 articles (1.4%) the material is referred to as earth; in three
{1.1%) as debris-earth; and in two (0.7%) as rocks-earth,
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Figure &, Types of landslides studied in Latin America,
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The main triggering factor of landslides processes identified was rainfall (49.7%),
predominantly caused by torrential rains due to hurricanes or tropical depressions.
These rains occurred during the rainy season or during El Nifo events. The other
triggering factors were earthquakes (13.8%); volcanic activity (8.5%); snow melting
(6%): the combination of rain and earthquakes (5.7%); and human activities (mining,
urban growth, construction, grazing, agriculture, deforestation) (3.5%). In the 13.4% of
the publications the trigger factor was not specified.

Methodologies used in the study of landslide hazards

Six methods were followed in the publications, the most frequent being characterization,
used in 117 (41.3%) publications, followed by the statistical approach in 60 (21.2%)
articles, the deterministic approach on 38 {13.4%) articles, the inventory approach in 35
(12.4%) articles, the heuristic approach in 30 (10.6%) articles, and in 3 (1.1%) articles
a combination of the heuristic and the statistical approaches was applied.

Spatial analysis tools in geographic information system (GIS) applications were used
in 239 articles (84.5%), among which ArcGIS, ILWIS, QGIS, SAGA GIS, IDRISI, and
ENVI were noticeable. Topographic profiles were used in 48 studies to represent the
physical characteristics of the analyzed sites. Thirty-two studies applied laboratory
analyses including geochronological, mineralogical, geotechnical, granulometric, sedi-
mentological, fluid mechanics, soil, dendrochronological, and water quality. In 28 stu-
dies, the events were located or monitored by means of the Global Positioning System
(GPS). In 10 studies topographic data were gathered and monitored using laser imaging
detection and ranging (LIDAR) technology. Three articles generated digital terrain
models and orthophotos using unmanned aerial vehicles (UAV). The statistical analysis
programs Excel, SPSS (Statistical Package for the Social Sciences), Access, R, and
Statistica were applied in 2.8% of the articles, and the main tool for accessing databases
was Desinventar, used in four publications.

Fieldwork — reported in 234 publications — and photointerpretation — applied in 29
articles - were the most used techniques. Techniques for analyzing seismicity, precipita-
tion, temperature, and irradiation were applied in 4.9% of the publications, the Newmark
sliding block and Gumbel probability analyses being the predominant techniques. The
normalized difference vegetation index (NDVI) and the soil brightness index (SBI) were
the two most used indexes for identifying traces of landslides and vegetation, which were
applied in 1.4% of the published studies. To generate spatial data of triggering factors and
determine the distribution of events, the inverse distance weighted (IDW) and Kriging
interpolation techniques were more frequently used. Dating and assessment of the
dynamics of landslides were made in 4.6% of the publications by means of dendrochro-
nology, interferometry, measurements of radioactive (radiogenic) carbon (M*C), argon
(**Ar/*Ar), uranium-led (U-Pb), and chlorine (**Cl), and optically stimulated lumines-
cence (OSL). In 7.4% of the studies, the accuracy of inventories was verified mainly by
density and frequency analysis and receiver operating characteristic curve (ROC)
analysis.

The use of two or more inputs characterized the analyzed research reports, The inputs
most used by researchers were topographic maps and their derived products like digital
elevation models (DEM), slope maps, and aspect maps, which were used in 242 (85.5%)
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articles. The different inputs used for the analyzed research and their percentages were as
follows: thematic maps, 72.8%; satellite images (ALOS, ASTER, GeoEye, GOES,
IKONOS, Landsat, QuickBird, and SPOT), 37.4%; precipitation databases, 26.9%; aerial
photographs, 26.19%; seismic databases, 12.7%; soil samples, 9.5%; historical archives, 6%
rock samples, 6%; ortophotographies, 3.2%; and point clouds (set of vertices in
a tridimensional coordinate system), 2.1%.

Characterization studies made a hmited use of programs like Midrodem
(Microcomputer mapping program), HidroSIG Java (Visualization and analysis of
hydroclimatological data tool), TerraHidro (Distributed Hydrological System), and
XSTABL (Integrated environment for performing slope stability analyses) to model,
and Surfer to visualize the spatial distribution of point data (1.8% of the publications).
In these studies, researchers also applied field and laboratory techniques (10.6%), the
most frequently used being granulometric, mineralogical, morphometric, and soil ana-
lysis. Among studies that followed the statistical approach, researchers used software -
prominently, MATLAB (Programming and numeric computing platform) - to model the
dynamics of the studied processes (1.4%). In this approach, some researchers also applied
multicriteria analysis (14.5%), the most used techniques being Analytic Hierarchy
Process (AHP), neural networks, logistic regression, discriminating analysis, continual
neighborhood analysis, and bivariate analysis.

The researchers that followed the deterministic approach modeled slope stability
(8.19) mostly using software like SHALSTAB (Shallow Landslide Stability), TRIGRS
(Transient Rainfall Infiltration and Grid-based Regional), SINMAP (Stability Index
Mapping), and SHIA Landslide (Open and distributed hydrological simulation and
landslides model). These groups of researchers also implemented techniques to define
slope stability parameters (3.5%), noticeably the slope stability safety factor analysis, finite
element analysis of shear resistance and roughness analysis. For studies made following
the heuristic approach, researchers used map algebra (7.4%) by means of the Mora
Vahrson and van Westen techniques or morphometric analysis. Finally, for the inventory
approach, researchers used AutoCAD Map to digitize landslide events (0.7%).

Discussion
The trend in landslide studies

The increase in landslide hazard research in Latin America follows the world publication
tendency. The number of published articles is considered as a quality evaluation mechan-
ism for ranking universities at international level (Bornmann & Mutz, 2014). The
behavior of the region describes a higher increase in the last nine years (2010-2019)
and could be also influenced by salami slicing trend (Menon & Muraleedharan, 2016;
Nature Mater, 2005).

Torrential rainfalls are the main trigger factor of landslide in the region. The increase
in frequency and intensity of hydrometeorological phenomena - like rainfalls, hurricanes
and El Nifio and La Nifa occurrence — could be considered a consequence of climate
change (Gallina et al,, 2016; Hurlimann et al., 2019; Slaymaker & Embleton, 2018; Terzi
etal, 2019). Landslides trigger by rainfall occurred in Brazil (Ahrendt & Zuquette, 2003;
Michel etal., 2015), Mexico (Alcdntara-Ayala, 2004; Alcantara-Ayala etal,, 2012; Antinao
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& Farfdn, 2013; Jaimes et al, 2015), Colombia (Aristizdbal et al, 2015; Moreno et al,
2006), Chile (Lépez, 2015; Sepulveda et al., 2014) and Venezuela (Marcane & Cartaya,
2013). In these studies, the effect of rainfall was analyzed considering the maximum
accumulated rainfall per day (24 hours), and the accumulated rainfall of 2 to 15 days
prior to the landslide events, where the total quantity of rainfalls was equivalent to more
than 15% of the average annual precipitation. This matches with the relation between
years with high global landslide activity, and the regional patterns of rainfall driven by
climatic changes, identified in studies carried out at global and regional scale (Froude &
Petley, 2018; Gariano & Guzzetti, 2016; M. ]. Crozier, 2010,

The study of landslide events in Latin America is crucial because the west side of the
region is in a tectonically active zone. In the region, earthquakes are the second landslide
trigger factor. The moderate (5-5.9) and high (>6) magnitude earthquakes might fre-
quently trigger landslides, although these processes can also be generated by low (<4.9)
magnitude earthquakes linked to other processes like soil pore pressure (Jaimes et al,
2013; Nifo et al, 2014). This has been studied in Mexico (Arreygue et al., 2002; Garduio
et al., 2019), Costa Rica (Barrantes et al., 2013; Quesada & Barrantes, 2016), Argentina
{Carignano et al,, 2014; Esper et al,, 2014; Gonzilez et al,, 2006), El Salvador (Garcia &
Malpica, 2010), Peru (Lacroix et al,, 2015; Zavala et al,, 2009), Chile (Mardones & Rojas,
2012; Sepiilveda et al,, 2010). Also, the high rate of land use change in the region (forest to
livestock, crop, mining, and urban surfaces) translates to higher susceptibility to land-
slides (Carvalho et al., 2019; M. ]. Crozier, 2010; Marques et al., 2018), increasing up to
ten times the normal rate of landslide occurrence (Slaymaker & Embleton, 2018). Some
cases were documented in Mexico (Alanis et al, 2017; Pola et al., 2006; Villasefior et al,,
2018); Cuba (Almaguer et al., 2014; Viltres et al., 2019); Venezuela (Montiel et al., 2007),
Ecuador (Lozano & Bussmann, 2005), and Brazil (IDias & Herrmann, 2002).

The growing trend of publications about landslides in Latin America suggests that
there is a growing interest in these gravitational events, which is due to their disastrous
consequences when occurring near human settlements and their productive activities
(Froude & Petley, 2018; Huddleston et al., 2003; Sepulveda & Petley, 2015; UNDP, United
Nations Development Programme, 2020). For example, a large urban landslide in La Paz,
Bolivia (Roberts et al., 2019), a landslide group that had occurred at Florianopolis city,
Brazil (Dias & Herrmann, 2002), some debris flows that aflected Andean villages of
Atacama Desert, Chile (Septilveda et al., 2014 ), the event happened in the municipality of
Mocoa, Colombia (Prada et al, 2019}, in Mexico: the events of the Monarch Butterfly
Biosphere Reserve, Michoacan (Alcdntara-Ayala et al, 2012), Juan Grijalva landslide in
Chiapas (Dévila 8 Jiménez, 2011), landslides in the Sierra Norte de Puebla (Lugo et al,,
2005), and La Pintada landslide, Guerrero (Ramirez & Gaidzik, 2017).

Spatial distribution of the studies of land'slides

Publications concentrated in Mexico, Brazil, Argentina, Colombia, Costa Rica and Chile
(82%), suggest that these countries have consolidated research groups in the subject.
These groups have established links between universities, research centers, governmental
agencies and international risk management units (CEMADEN, Centro Nacional de
Monitoramento e Alertas de Desastres Naturais, 2017; CENAPRED, Centro Nacional de
Prevencion de Desastres, 2020; CENARRID, Centro Nacional para la Reduccidon del
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Riesgo de Desastres, 2018; CEPREDENAC, Centro de Coordinacién para la Prevencién
de Desastres Naturales en América Central y Repiblica Dominicana, 2019; CIDIGEN,
Centro Nacional de Investigacién para la Gestion Integrada de Desastres Naturales, 2019
UNGRD, Unidad Nacional para la Gestion del Riesgo de Desastres, 2015). This linkage
promotes the generation of information and knowledge on which to support each
country's risk management public policies and territorial planning strategies.
Strengthening research on this topic could help prevent loss of human life and the
spending of millions of dollars on mitigation measures.

According to ECLAC, Economic Commission for Latin America and the Caribbean
(2014) and UNDP, United Nations Development Programme (2020), the research
clustering in some of the Latin American countries and the increase in the number of
publications on landslides in the region could also be a response to the availability of
tunds for research projects provided by international agencies, with interest in mitigating
losses in millions caused by disasters, and by the growth of a disaster prevention culture
in the region. For instance, the Inter-American Development Bank fosters projects
focused on natural disasters and the environment, e.g. landslides studied in Valle de
Aburrd, Colombia (Aristizabal & Yokota, 2008), and the analysis of Dehesa paleo-
landslide, Argentina (Tapia et al, 2018). The United Nations International Strategy for
Disaster Reduction (ISDR) sponsors the development in the region of joint academic
projects through the Economic Commission for Latin America and the Caribbean.
Likewise, The World Bank finances projects focused on management in natural disaster
events and recovery works. The European Union supports projects aimed at climate
change mitigation and disaster management (ECLAC, Economic Commission for Latin
America and the Caribbean, 2020; EU, European Union, 2020; Gallina et al., 2016; IADB,
Inter-American Development Bank, 2020; Scott et al., 2001; TWB, The World Bank,
2020). These agencies included those topics in their programs and policies of risk-
management actions, projects, and statutes, which place hazard assessment as the main
action for disaster risk management (ECLAC, Economic Commission for Latin America
and the Caribbean, 2005; ELJ, Buropean Union, 2020).

There is an increase in the scientific procduction at the regional level in the past few
years, being mainly impulse by public universities in Brazil, Mexico, Argentina, Chile and
Venezuela (Miguel, 2011; Santa & Herrero, 2010), behavior that coincides with the results
of this research.

Landslide research approaches

Most of the landslide research carried out in the Latin American region focused on
susceptibility evaluation and characterization, based on spatial models and geological and
geomorphological analyses. In these studies, the authors characterized the behavior and
distribution of landslides from a geographical standpoint. In their maps they used terrain
elements representing slope stability at different scales. Nevertheless, the availability of
maps in the region varies depending on the scale of analysis with abundant regional maps
that are available and accessible in most countries, but not local maps, because not all the
countries have governmental agencies in charge of the generation of cartography (Bocco
et al., 2010; Guzzetti et al., 2020, 2012; LANIC {Latin American Network Information
Center), 2015; Sanchez et al., 2009).
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The inventory, hazardousness, triggering and conditioning factor approaches
were used less frequently because they require multitemporal databases and mon-
itoring to understand the variations in analyzed processes throughout time. Such
inputs differ in quality and period covered depending on the conditions of each
country., Another cause for this is that landslide events occur in areas of difficult
access, requiring a large investment for their study (travels, specialized tools and
work), e.g. landslide studies in the Atacama Desert (Sepilveda et al., 2014), Andean
region (Deckart et al., 2014; Eger et al, 2018), Patagonian region (Costa & Gonzilez,
2007; Moragues et al, 2019 Oppikofer et al, 2012) and Voleanic regions (Borselli
et al,, 2011; Capra & Macias, 2000; Godoy et al., 2012; Murcia et al., 2008; Spalletti
et al, 2013). However, researchers may rely on free access tools — like GIS and
remote sensing products — to generate robust information and model the frequency
and magnitude of future events (Aristizdbal et al., 2019; Borselli et al., 2011; Franco
et al,, 2019; Guzzetti et al., 2012; Huabin et al., 2005; Salinas et al., 2019; Sepilveda
& Petley, 2015; Slaymaker & Embleton, 2018).

Most of the Latin American countries have mountainous zones that are the source of
debris material and where the greatest number of landshides are generated (Coelho et al,,
2006; Guzzetti et al,, 2012; Reichenbach et al., 2018). Because in most cases researchers
worked with more than four types of processes or did not clearly typify the studied
events, the category landslides was predominant. This observation depicted the complex-
ity of mass wasting processes in the region, and the necessity to consider world classifica-
tion of landslides. This will increase the possibility of comparing and assessing the
relevance of results at the international level (Reichenbach et al, 2018). In the publica-
tions in which researchers precisely defined the type or types of processes studied, the
most common were slides, flows, and debris avalanches (a pattern that is repeated at the
global level) (Deckart et al, 2014; Esper et al, 2015; Pazzi et al, 2019; Petley, 2012;
Sepilveda et al., 2006).

Methods, tools, and techniques applied for the study of landslides

In the data base, the most used method was characterization and the least applied
was inventory, which suggests there is a need to generate information to under-
stand the dynamics of landslides in the region. Due to their continual occurrence,
landslide events generate new study sites, most of them in inaccessible places and,
in some cases, not representing risks for the population, because they may lose
their appeal as study sites, e.g. new landslides in Sierra Costa Michoacdn Mexico
{Solis et al., 2019), the complex landslide of Alinco-Cerro Papas-Las Olletas in
Neuquén Argentina (Gonzilez et al., 2003), landslides in the north center moun-
tainous region ol Venezuela (Pineda et al, 2016), landslides in Combeima River
basin, Colombia (Leal et al., 2018), and landslides in Serra do Mar, Sao Paulo,
Brazil (Vieira et al, 2010). These circumstances create a research opportunity area
based on the inventory mapping approach through the use of remote sensing tools
that generate quality data allowing the improvement of statistical, heuristic, and
deterministic modelling, and the associated risk management (Guzzetti et al., 2012;
Huabin et al., 2005; Pike, 1988; Protti, 2013; Reichenbach et al., 2018; Van Westen
et al, 2008), e.g. statical landslide susceptibility mapping in El Salvador (Garcia &
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Malpica, 2010}, the comparative analysis of methodologies (Mora-Vahrson and
Morfometric) in Rio Macho basin, Costa Rica (Quesada & Feoli, 2018), and the
comparison of SHALSTAB and SINMAP for landslide susceptibility in the Cunha
river basin, Brazil (Michel et al., 2014).

In the six research methods applied, the use of GIS as an analytical tool showed
a recurrent pattern, which could have been due to their potential for storage,
management, modelling, and cartographic representation of information. The same
has been found in studies of natural resource management, environmental pollution,
regional planning, urban development, susceptibility area identification, hazard
analysis, triggering factors, and landslide risk management (Chandio et al, 2012),
The tools less used by researchers were UAVs (Gardufie et al, 2019; Villalpandao
et al., 2019), GPS (Lacroix et al., 2015; Salinas et al,, 2017); LIDAR (Gaidzik et al,
2017; Yépez et al, 2017), TLS (Terrestrial Laser Scanning) (Oppikofer et al., 2012),
and Insar (Interferometric synthetic aperture radar) (Macedo et al, 2017; Strozzi
et al,, 2018), because of their high price for the development of natural hazards
studies. However, these technologies are becoming more accessible, enabling preci-
sion mapping, and allowing the analysis and interpretation of high spatial resolution
products useful to assess landslides such as DEMs, slope maps, and shaded relief
maps (D.H. Garcia et al, 2019a; Guinau et al, 2007; Joyce et al, 2009; Listo et al,
2018; Shan & Toth, 2009).

The most used techniques were field work and photointerpretation; this suggests that
landslide hazard studies require field data for terrain analysis at different scales. On the
one hand, data generated in sifi allows the understanding of the physical characteristics
and typology of the events, and on the other, photointerpretation makes it easier to
recognize and interpret landslides ex situ (Brunsden, 1993; Guzzetti et al, 2012
Herndndez et al, 2007; Legorreta et al, 2017; Pike, 1988 Rib & Liang, 1978). We
observed a limited use of techniques like interferometry, cosmogenic dating, and OSL,
which could be due to the high costs of the application of these techniques. Techniques
like dendrochronology are not expensive in comparison with the above mentioned; in
this case, the problem is related with the difficulty to find the adequate trees to be
analyzed. In arid and tropical areas, it is more difficult by the tree distribution and
morphaology. This suggests the possibility of generating information about the dynamics,
magnitude, and frequency of landslide events through precise measurements and dating,
some of them can be obtained from synthetic aperture radar (SAR) images acquired
before and after their occurrence, the information preserved in trees, and the analysis of
rocks and soils (Aristizdbal & Yokota, 2008; Franco et al,, 2018; Joyce et al,, 2009; Lozano
& Bussmann, 2005; Macedo et al., 2017; Pazzi et al., 2019; Stoffel et al,, 2011).

The most used inputs were the topographic and thematic maps because the study of
landslides requires multitemporal and georelerenced data sources. These are basic
inputs — in most cases produced under international quality standards - providing
detailed information at a specified scale, their availability noticeably improving the
analysis of landslides in the region (Guzzetti et al, 2020; Huabin et al, 2005 Joyce
etal, 2009), We also identified little used inputs with potential for landslides research: 1)
rocks, soils, and tree samples (A.E.F. Garcia et al., 2019b; Franco et al, 2018; Tapia &
Trombotto, 2019), 2) arthophotos (Cerri et al, 2017; Guinau et al,, 2007; Veldsquez et al,,
2016), 3) point clouds obtained through processing of images captured by
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UAVs (Barrantes et al., 2013; Yépez et al, 2017), and 4} historical archives consultation
(Leal etal, 2018; Moreiras et al., 2012; Perucca & Esper, 2009). This makes it evident that
there is a broad spectrum of available inputs for gathering information about landslides
and their conditioning and triggering factors.

Conclusions

Our review of the state of the art of landslide hazard research in Latin America
corroborates the growing interest of researchers in the subject. Most of the publica-
tions found during the last six vears were concentrated in 15 of the 20 Latin
American countries, most of which were presented at the regional scale
Therefore, il is necessary that local and municipal scale research not only be
published as technical reports or in gray literature, but also be published as scientific
articles. This would strengthen the academic production of the region through
publications in international journals. It will increase the availability of information
and knowledge for the international community.

The reduced number of research centered in hazardousness, inventory, and
triggering and conditioning factors is due to the complexity of obtaining detailed
multitemporal information. This alsc responds to the constant efforl to develop
characterizations, and do not incur into further stages of hazard assessment,
Because of that, research groups need to be strengthened through continued
training, mechanisms for easy access to financing, and support for long-term
research projects. These efforts could generate widespread temporal databases,
monitoring, and more precise models of geomorphic processes — such as debris
flows, slides, avalanches, and falls, among others. We also suggest increasing the
number of studies that use the heuristic and inventory approaches, which could be
supported by the use of UAVs, GPS, LIDAR, TLS, Insar, and techniques like
interferometry, dendrochronology, cosmogenic dating, and optically stimulated
luminescence, therefore allowing generating robust data of the frequency and
magnitude of events, thus strengthening hazardousness studies.

We made a broad and exhaustive review of the state of the art in the Scopus,
Wao8, SciELO, REDIB, and Redalyc databases, performed through a rigorous selec-
tion method. Nevertheless, it is likely that some publications have been excluded,
due to the results being based on the keywords and the updating of the databases
used for the search into the analyzed period. This may represent a limitation of this
review and it is important to be considered for future applications. However, it
represents the first database of landslide hazards in Latin America that highlights
the recent advances in the region and the interest areas in the near future. In
addition, this work constitutes a substantial contribution to the study of hazards
from landslides in the intertropical zones.
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Abstract: Landslides in intertropical mountainous
areas of Mexico are a natural hazard that could
potentially generate a disaster. Despite this, many
areas lack landslide inventories, making it difficult to
monitor and efficiently manage the associated risks
for loeal populations. For this reason, the aim of this
research was to undertake a multitemporal landslide
inventory and analyze its conditioning factors in the
Pico de Tancitaro stratoveleano, which, in recent
decades, has  presented  several  high-risk
geomorphological events with disastrous
consequences for nearby localities. The spatial
distribution of landslides and its conditioning factors
were mapped at a 1:50,000 scale for the 1995-2020
period, through visuval interpretation of erthophotos
and satellite images (Landsat, SPOT, and SENTINEL).
The conditioning factors that link the most to
landslides were Quaternary andesite and basaltic
andesile rocks; volcanic cones, mountain river valleys,
and very steep to steep slopes (30° to >45%), oriented
to the South, North, and East; Andosols and Leptosols;
and the ovamel fir and mixed forests. 505 landslide
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events classified into slides and flows that oceurred in
1905, 2004, 2010, and 2015 were identified. New
scars pgenerated by the reactivation of landslide
processes were also observed. The landslides in the
study area were triggered by torrential rains caused
by hurricanes and tropical storms; such as hurricanes
Alex and Patricia. The inventory and analysis of
conditioning factors highlighted the distribution and
dynamies of slides and flows in the study area. In
addition, the most important factors for studies of
landslide susceptibility, hazards, and risks in the Pico
de Tancitaro stratovolcano were identified,
contributing to the management of geomorphological
risks in intertropical mountain areas.

Keywords: Geomorphology; Mass wasting; Natural
hazards; Pico de Tancitaro stratovoleano; Risk
management

1 Introduction

Landslides are frequent slope processes that
oceur in intertropical mountains (Slayvmaker and
Embleton 2018). They represent a natural hazard that
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ean be deseribed in function of their conditioning and
triggering factors (Van Westen et al zoo8).
Conditioning factors are the static environmental
factors that determinate or control the spatial
landslide occurrence probability and are usunally
represented by geology, soil types, geomorphology,
morphography, hydrology, land cover, and land use
{(Van Westen et al. 2008; Valdés et al. 2021). Most of
them are ftriggered by intense precipitation,
earthgquakes, volcanism, and land-use changes and
have a strong impact on the local imhabitants because
intertropical zones concentrate the highest global
population density (Huddleston et al. 2007,
Slaymaker and Embleton 2018; Terzi et al. 20109; Arce
et al. 2019).

Enowing the spatial distribution of landslides is
instrumental for adequate risk assessment and
management (Solis et al 2019), which requires
identifying and classifying landslide events in their
spatiotemporal context (Aledntara-Ayala and Murillo
2008). Landslide inventorv maps have proven their
warth in defining the extension, distribution, typology,
patterns, and recurrence of landslides, as well as
providing statistical databases for evaluating the
susceptibility, hazards, exposure, vulnerability, and
risk from landshides (Schuster 1996; Gueretti et al.
1909; Guzzetti et al. 2012; Petley 2012; UNDRR 2010;
De la Pena et al. 2021). Generating inventory maps
involves the use of several techniques and spatial
analysis tools, which are selected depending on the
inventory goal, the extent of the area of interest, the
scale of base cartography, the analvsis scale, the
spatial resolution, the eharacteristics of inputs used
(satellite images, aerial photographs, orthophotos),
the availability of research resources, and the skill and
experience of the participating researchers (van
Westen et al. 2006; Guzzetti et al. 2012).

The conventional techniques applied to obtain
inventory maps have included geomorphological
mapping (Moreiras et al. 2008), aerial photo
interpretation (Harp et al. 2002, Moreiras 2004), the
compilation of historical information (Glade et al
2001; Aleantara-Ayala and Murillo 2008) or all of
them (Sanchez-Nuniez et al. 2015; Fiorillo et al. zo1g).
Inventory maps have also been generated through the
maorphological analysis of high-resolution  digital
elevation models (DEM) (Alcintara-Ayala 2004;
Antinao and Farfin 2013; Murillo and Alcantara-
Ayala 2017), the visual and multispectral analysis of
satellite images aided by the Global Positioning

J. Mt Sei. (2o22) 19(6): 1650-1660

Systemn (GPS), laser imaging detection and ranging
(LIDAR), digital photogrammetry, Differential
Synthetic Aperture Radar Imterferometry (DinSAR)
and Geographical Information Systems (GIS) (Soares
et al. 2008; Guzzetti et al. 2012; Gonzdlez et al. 2014;
Golovko et al. 2015; Salinas et al. 2018; Lin et al. zo19;
Solis et al. 2019; Fernindez et al. 2021). In recent
years, deep learning (DL) methods like U-Net and
ResU-Net; and other approaches like object-based
image analysis (OBIA) have proven their efficiency for
automatic and semiautomatic landslide mapping
(Hélbling et al. 2020; Qi et al, 2020; Ghorbanzadeh et
al. 2021).

The Mexican intertropical mountain zones are
geomorphologically active and frequently present
landslide events (Enriquez et al. 2010; Zepeda and
Gonzalez 2014; Franco et al. 2018). These landslides
may be friggered by intense precipitation (extreme
events coming from the Pacific Ocean and the Gulf of
Mexico), earthguakes, and voleanic failures that have
a negative impact on the population and generate
large economic losses (Ferrari 2000; Macias 2005;
Legorreta et al 2014; Aceves et al. 2016). In Mexico,
landslide inventory maps have identified susceptible
areas, hazardous zones, triggering factors and risk
management (Flores and Aleintara-Ayala 2012; Pola
et al. 2014; Salinas et al. 2018; De la Peiia et al. 2019;
Solis et al. 2019). Aerial photo interpretation,
fieldwork, and spatial analysis in GIS have been the
main techniques applied (Garcia et al. 2006;
Alcintara-Avala 2008; Salinas and Loper 2010;
Ramos et al. 2018; Gomez-Castillo et al. 2020).

The National Center for Prevention of Disasters
(CENAPRED (the Spanish acronyin)) has promoted
studies of landslides in Mexico with the construction
of risk maps (Atlas in Spanish) from municipal to
national scales (Guevara et al. 2014). Enriquez et al
(2010) stated that the damage reduction and risks
associated  with landslides require performing
spatiotemporal, prevention, and mitigation studies.
Such studies may prevent the oceurrence of disasters
caused by landslides in vulnerable and difficult access
areas (Zepeda and Gonzalez 2014; Solis et al. 2019).
The state of Michoacin is frequently affected by
tropical cvelones that cause intense precipitation and
soil saturation, which trigger landslides and floods,
resulting in a recurring impact on human settlements
and transportation infrastructure (CEPCM  2o20).
The rainfall produced by Tropical Storm Manuel
(2010), Huwricane Ingrid (2013), and Hurricane
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Figura 1. Hypsometric map of the study area in the national, state Trans-mexican volcanic belt and

Michoacan- Guanajuato field context

Patricia (2015) iriggered the most destructive
accumulation of rainfall events that has ever occurred
in Michoacin (AleAntara-Ayala et al. 2012; CEPCM
2020).

The Pico de Tancitaro stratovoleano, located in
Michoacin, is also frequently affected by evelonic
rainfall events commonly present from May o
October (Fuentes el al. 2004). Such events have
affected the population, roads, and the agricultural
and forest areas in the region. For example, in
October 2015, Hurricane Patricia caused landslides on
highways and floods in the localities of Peribian and
Tancitaro (Magania 2015). Furthermore, in September
2018, the tropical depression DTi9E caused the
overflowing of the Cutio River which resulted in the
loss of human life and material assets in Peribin
(Arrieta 2018; SMN 2021a), The damage caused by
these rainfalls highlighted the urgent need to produce
the first multitemporal landslide inventory map of the
Pico de Tancitaro stratovolcano based on two main
aims: 1) the evaluation of landslide conditioning
factors, and 2) the analysis of the spatiotemporal
landslide distribution. The results yield new insights
on the frequency and magnitude of landslide events in

the region,

2 Materials and Methods

2.1 Study area

The study area belongs to the Trans-Mexican
Voleanic Belt (TMVB) physiographic provinee (Fig. 1),
This province is an active continental voleanie are
formed by Tertiary and Quaternary rocks, and is
characterized by the presence of over 8,500 voleanic
structures derived from the subduction of the Cocos
and Rivera Plates beneath the North American Plate
(Ferrari et al. 2012; Osorio et al. 2018 Macias and
Arce 2010). The study area is located at the
intersection of two geological regions; 1) The Tarasco
Corridor, which contains the most recent (27 Ma)
monogenetic volcanoes —including the Paricutin
voleano (1943-1052 AC); and 2) The Zamora voleanic
region, represented by shidd volcanoes and
stratovolcanoes that had experienced explosive
activity. Furthermore, it is influenced by fractures
derived from the interaction of Chapala-Oaxaca fault
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Vemns-mgwicun velcanic bely

© Stady won Elevation (masl®)
Seae howmrudary Fake

0 Liron locudity .
Highraay i 240

* racicrs e s Irvr |

Fig. 1 Hypsometric map of the study area in the nahona.‘L state, Trans-mexican voleanic belt and Michoacin-

Guanajuato field context.
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system and the NE-SW Tarasco Corridor structures
{Morelli et al. 2010, Ownby et al. 2011; Ferrari et al.
2012; Pinzén et al 2017). Within the TMVB, several
voleanie fields oceurred: Ceborueo-San Pedro Graben,
The Michoacin-Guanajuato Voleanic Field (MGVF),
Chichinautzin Volcanic Field, The Apan-Tezontepec
Volcanie Field, Serdan Oriental Volcanic Field The
Xalapa Monogenetic Volcanic Field, and The Tuxtla
Volcanic Field The study area is also part of the MGVF,
that is made up of cinder cones, shield volcanoes,
stratovoleanoes, lava domes, maars and fissural lava
flows (Hasenaka and Carmichel 1985; Hasenaka 1004;
Morelli et al. 2010; Di Traglia et al. 2014).

The study area is located in the western part of
the state of Michoacan. The area falls between the
coordinates 102°10'12.36" and 102°26'26.40" western
longitude, and 10°33'01.40" and 19"18'06.02"
northern latitude. It covers a surface of 782 km? and
includes the Pico de Tancitaro stratovolcano —the
highest mountain in the state of Michoacan that
reaches 3,840 m above sea level (hereafter all
elevations are given in meters above sea level). In
addition to the Pico de Tancitaro stratovolcano, other
landforms occur such as cones, domes, lava flows,
tablelands, piedmonts, slopes, and summits, on which
Andosols, Regosols, Luvisols, Leptosols, and
Cambisols develop (INEGI 1983). The drainage
patterns are radial-dendritie, and sub-dendritic (sub-
parallel), with a stream order above five. Elongate and
oblong sub-basins are predominant. The radial
drainage pattern is present in voleanic cones and non-
struetured patterns are present in lava flows (Fuentes
et al. z004).

There are several climate types in the study area
that from the summit to the piedmont are the following;
semi-cold and subhumid C (w) (>3,000 m), subhumid
with summer precipitation C (w:) (2,000 to 3,000 m),
semmi-warm  subbumid with summer precipitation
(A)C(wy) (1,600 a 2,000 m), and warm subhumid with
summer precipitation Aws (1,600 to 2,000 m) (Garda
2004). Based on the edaphic dimatic conditions, the
plant communities are differentiated into mountain
pine forest (Pinus harfwegil), mountain grassland
(Muhlenbergic  macroura), scrub  (Juniperus
monticola), ovamel fir forest (Ables religiosa), mixed
forest (Quercus lmuring, Pinus pseudostrobus, P.
leaphylla, P. montezumae, Alnus jorullensis), and cloud
forest (Alnus jorullensis, Bromeliaceae) (Medina et al.
2020).

Because of its landscape and hydrological
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characteristics, a portion of the study area is protected
under the eategory of flora and fauna protection area
(APFF Pico de Tancitaro) which is the largest natural
protected area in the state (23,405 ha). This area is
very important because of its location, biodiversity,
and provision of environmental services. Finally, the
territory is administrated by Nuevo San Juan
Parangaricutiro, Uruapan, Peribin, and Tancitaro
municipalities, that concentrate a total population of
440,609 inhabitants, mainly dedicated to avocado
cultivation and lumber production (Carlén et al. 2021;
Borrego and Carlén 2021; INEGI 2021).

2.2 Landslide conditioning factors

Landslide conditioning factors were chosen based
on the Highland and Bobrowsky (2008) and van
Westen et al. (2008) landslide susceptibility, hazard,
and risk assessment method. The selected factors
were geological (lithology and  structures),
geomorphological (landform, slope, and aspect),
edaphological (soil groups), and related to land cover
and land use (vegetation cover and land use), which
were analyzed at 4 1:50,000 scale. The geological map
was compiled based on cartographic sources and
scientific publications (Table 1) The
geomorphological database was generated through
visual interpretation following the criteria for the
geomorphological swvey (Gares et al 1994; Pefia
1997; Gutiérrez 2008) using the topographic map and
its derived products (DEM, hillshade, slope, and
aspect). The geomorphological map was eclassified
using the hierarchical terrain system by Boceo et al.
(2001) and Zinck (2013). Soil type distribution was
updated according to the World Reference Base
(IUSSWG 2015) and detailed based on the
geopedological criteria of Zinck et al. (2006). Land
cover and land use were interpreted using satellite
images (Table 1). Maps and georeferenced data were
analyzed i the AreGis 106 GIS platform. The
generated maps were validated in the field through
sampling and transects, as well as information from
seientifie papers,

2.3 Multitemporal landslide inventory

The multitemporal landslide inventory was based
on the assumption that landslide occwrrence modifies
the terrain surface, leaving a distinetive mark (scar)
on the topography (Pike 1988), with a typology that
will depend on morphology, inclination, and position
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(Dikau et al. 1906). These characteristics are
recognizable through fieldwork, visual examination of
satellite images and aerial photographs, or by the
interpretation of DEM and its derived products
(hillshade, slope, and aspect maps) (van Westen et al.
2006; Guzzetti et al. 2o012). The multitempaoral
landslide inventory was made by the visual
interpretation of digital orthophotos and satellite
images at a seale of 1:50,000 that covered the years
1995 to 2020 (Table 1).

The Iandslides were described wusing the
classification system of Cruden and Varnes (1996)
updated by Hungr et al. (2014). Once landslides were
mapped, the resulting map was verified and validated
during fieldwork, which allowed the identification of the
type of process and materials (Table 2.) After that, the
landslide occurrence was extracted from satellite images
or digital orthophotos as snggested by Guzzetti et al
(2o12). Finally, landslide veloeity was inferred following
Hungr et al (zo14) that considered a velocity of
reference for each landslide type (Table 2).

3 Resulis
3.1 Landslide conditioning factors
The oldest landslide conditioning factors are

lithology, structures, and landforms. The rocks
exposed in the study area are of Quaternary age. The

Tabla 1. Inputs used to generate the landslide conditioning factors, variables and the landslide inventory

compiled geologic map (Fig. 2) shows three andesitic
and basaltic-andesitic lithological units (2 aa, ab) of
Lower Pleistocene age (2.50 Ma-780 ka). One of these
units represents the basal rocks of the Pico de
Taneitaro stratovoleano (793 + 22 ka). During the
Middle Pleistocene (780 ka-127 ka) the largest
number of units (k-v) with rocks of predominantly
andesiic composition were emplaced. Two units (m
and n) represent the youngest rocks associated to the
Pico de Tancitaro. The map contains four Upper
Pleistocene (127 ka-10 ka) units of andesitic and
basaltic-andesitic composition (g-j). The youngest
units are Holocene (10 ka to the present) that consist
of andesitic and basaltic-andesitic rocks, and include

the Paricutin voleano (1943-1952 AC) (Fig. 2, Table 3).

It is worth mentioning that two debris avalanche
deposits oceurred on the western and southeastern
parts of Pico de Tancitaro, These flank collapses
oceurred during the Middle Pleistocene around 694-
571 ka, and 261-238 ka, respectivelv. All these units
are affected by faults and fractures that follow two
main directions, NE-SW and SE-NW. Andesitic and
basaltic-andesitic cinder cones and domes are the
predominant voleanic apparatus (Fig. 2).

According to the evolution of its Morphogenetic
Environment (TMVE), the study area was divided into
six geomorphic landscapes: Mountain, High Hill, Low
Hill, Piedmont, Plain, and Valley. Each landscape has
its own stability conditions depending on its relief or

Table 1 Inputs used to generate the landslide conditioning factors, variables and the landslide inventory

Factor/Theme  Tnputs

Scale/Resolution  Source

Geological and morphometric study 150,000 Scattolin (1906)
Geological mapping and paleomagnetic “C dating  1:50,000 Larrea et al. (2019)
Ar/ AT geochronology Regional Ownby et al. (2007)
4°Ar/35Ar geochronology Regional Ownby et al. (2011)
Geology Gealogical and historical review 1:50,000 Gomez-Vasconcelos (2018)
Geological maps ExgBz28, E13B2g, E13B38 1:50,000 INEGI (1078 1084 1985)
Geological- mining map Colima E13-3 1:250,000 SGM (1999)
Geological vectorial data set E13-3 1:250,000 INEGI (198g)
Contour lines E13B28, E1aBag, E13Ba8, EiaBag  1:50,000 INEGI (2013 2014)
Digital elevation model (DEM) 1010 X 101 Ef:ﬁt:d frmEnaRtoar
Geomorphology Hillshade map 10 m % 10m Generated from DEM
Slope map 10m x106m Generated from DEM
Aspect map 10 m x 10 m Generated from DEM
Edaphology Soil maps E13B28, E13B20, E13B38, E13B3g 1:50,000 INEGI (1083)
Lnndmc_:'emnd SENTINEL-2 satellite images 10m % 10m COAH (2020)
Digital orthophotos (1995} amx2m INEGI (1995)
. Landsat-5 satellite images (2004-2007)
ﬁiﬂ:ﬁmm Landsat-7 satellite images (z004-2020) Jom * 30 m Google Earth Pro ©
(1995-2020) SPOT 5, 6, and 7 satellite images (2016-2019) ‘r:": :; : :’Eﬁ:' SIAP (2016)
SENTINEL-2 satellite images (2020) 101 % 10m COAH (2020)
1654
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Tabla 2. Classification criteria for inventoried landslides
Tabla 3. Unit description in the geological map of the study area

modeling. Piedmont is by far the most extensive unit
(382 kam?). It surrounds the stratovoleano connecting
the High Hills and Low Hills with the Plain and Valley
landscapes. Based on the relative altitude, the
piedmont is differentiated into upper and lower, and,
according to its dissection degree, into slightly and
moderate to strongly dissected. It also includes {Tuvial

J. Mt. Sei. (2022) 19(6): 1650-1669

vallevs. The Mountain landscape is represented by the
Pico de Tancitaro stratovoleano and it is the second
most extensive (133 kim?) landseape. It is divided into
dome and irregular summits glacial and fluvial valleys,
very steep to steep and moderate to gentle slopes, as
well as terraces (Fig. 3).

Table 2 Classification criteria for inventoried landslides (Cruden and Vames (1996), and Hungr et al. (2014))

It is a spatially continnous movement in which shear surfaces are short-lived, closely Debiris ER

spaced, and usually not . The distribution of velocities in the displacing mass to VR
Flow resembles that of a viseous lignid. The lower boundary of the displaced mass may bea

surface along which appreciable differential movement, or a thick zone of distributed shear Earth  ER

has taken place, Thus, there is a gradation from slides to flows depending on water content, to VR

maobility, and evolution of the movement.

It is a downslope movement of a soil or rock mass oecurring mainly on surfaces of rupture  Debris  ER
or on relatively thin zones of intense shear stmin. Movement does not initially oceur
simultaneously over the whale of what eventually becomes the surface of rupture; the

Slide volume of displacing material enlarges from an area of local failure, It could be rotational
and translational. Rotational slides move along a surface of rupture that is concaved. In

Earth R

translational slides the mass displaces along a planar or undulating surface of rupture,

sliding out over the original ground surface.

ER: Extremely Rapid (5 m/s), VR: Very Rapid (3 m/min}, R: Rapid (1.8 m/h)

Table 3 Unit deseription in the geological map of the study area

Typeof

Key Unit Vel R Material
a Paricutin CC, L Lavas
b Astillero-Pedregal oCc,L Lavas
c Tecolote ., L Lavas
d Estiladero oc Lavas
e Chical-Tepamal CC, L Lavas
f Angahuan-Peribin L Lavas
£ Costillon-Chupadero oC,L Lavas
h Pario CC, L Lavas
i Cerro Prieto oc Lavas
i Llano Teruto-Perita | Lavas
k Parambén oc Bomb
1 Ciricuti L Lavas
m  Pieode Taneitaro C DL Lavas
n Pico de Tancitaro B sV Lawvas
n Guanimba D Cinder
o Corcuvi-Tanaco L Block
P 5E debris avalanche NA Debris
q Cerro Grande oc Lavas
r Alberca-Chimenea L Flow band
s Tizeato L Block
t Zacindaro D Block
u Taneitaro-Zirimbo oc, L Cinder
v Cuesta-Cerro de San Miguel CC, L Lavas
w  Apo-Aplindaro CC,L Lavas
X W debris avalanche NA Debris
v Copicuaro L Lavas
z Pico de Tancitaro A L Block
aa  Agna nueva-Agua de Chepe CC, L Lavas

ab  Zindio-Huanondio OC,E,L  Lavas

%

Chemical

composition e

A AR 1943 - 1952 AC
A AB 500 - 700 AC
A AR 389 +/- 30 AC
7+/~70ka
8+/-49ka
<i0ka
24+4/-22ka
<q47ka
<70ka

<76 ka

224 +{-32ka
290 +/- 68 ka
237 +/- 34 ka
239 +/- 22 ka
256 +/-18 ka
261- 203 ka
261 - 2385 ka
269 +/- 22 ka
298 +/-2g ka
305 +/-18ka
309 +/- 62 ka
239 +/-23ka
374 +-31ka
439 +/- 29 ka
694 - 571 ka
=36 +/- ziaka
793 +/-22ka
<12 Ma

A AB <1.68Ma

it

o

Brbbb:b:hth?rtb;-:bbb—&bbg;;&ba:ﬁgﬁ

£
LIS O R LIRS R T R R SO I R R R

56,78

Notes: CC: Cinder cone, L: Lavas, D: Dome, SV: Stratovolcano, E: Shield; NA: Not applicable; A; Andesitic, AB:
Basaltic andesitic; 1: Gomez-Vasconcelos (2018), 2: Ownby et al. (2011), 3: Ownby et al. (2007), 4: Larrea et al.
(2019), 5: Scattolin (1996), 6: SGM (1999), 7: INEGI (1978 1984 1985), 8: INEGI (1989).
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Figura 2. Compiled geological map and the structural components in the study area
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Figura 3. Relief/modelling units that conform the Geomorphic landscapes units in the study area
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Figura 4. a) Slope map, and b) Aspect map in the study area

JUMLE Sei. (2022) 19(6): 1650-1669

High Hills (117 km=?) and Low Hills (8o km?) are
the third and fourth most extensive landseapes. Both
are associated with recent lavas, voleanic cones, lava
domes, and fluvial valleys. Plains are the fifth most
extensive (39 kmm?) landscape;, represented by
interlavic plains and fluvial valleys exposed to the
northeast and southeast of the area. Finally, the
Vallev landscape is the least extensive (31 k=) with
landforms differentiate in very steep to steep, and
moderate to gentle slopes, terraces, and fluvial valleys,
which are concentrated in the southeast (Fig.3).

The geoforms determine the aspect and
inclination of slopes; both key indicators in the
assessment of their stability. Southern orientated
slopes (265 km?) are concentrated in the center, south,
and eastern parts of the study area, followed by slopes
orientated to the mnorth (223 km?) occurring
northward and westward Non-oriented slopes (118
km?) are located to the northeast and southeast.
Western-oriented slopes (100 km?) occeur in the
northwest, west, and southwest of the study area
while east-oriented slopes (60 km?) to the east and
north (Fig. 4a). Gentle slopes (5°-15° 295 km?)
predominate in the study area, followed by
moderately steep  slopes  (15°-30% 181 km2)
represented by piedimont, terraces, and lower slopes.
The slopes between 0° and 1° were classified as flats

Shope (")
| Flai (0-1) B Moderne 1530}
| R very gently (1-5) I Stecp (30-45)
Genily (5-15) [ Very steep=45)

rbam localisy

(127 km>?) and those betwesn 17 and 5°, as very gently
slopes (106 km?), which are placed within plains and
valley bottoms. Slopes between 30° and 45° (63 k)
were classified as steep, and when their inclination
was over 45° (10 km?®) as very steep. Those are
associated with the Pico de Tancitaro stratovoleano
flanks (Fig. 4b).

Soils are one of the moderate stability
conditioning factors. These are differentiated and
grouped according to the type and dynamic of the
associated landforms, Andosol (578 km=) is the
predominant soil group with humic, ochrie, mallic,
and vitric types mostly distributed in the Pico de
Tancitaro stratovoleano. Dystric and eutric Regosaols
(110 km?) are distributed i the north and east.
Leptosals (41 km?) are found on the summit of the
Pico de Tancitaro stratovolcano and recent lavas,
Chromic Luvisols (35 kme) are concentrated in the
southeast of the study area. The soil groups covering
the less extensive surfaces are chromic and humie
Cambisols (15 km?) (northeast and center), eutric
Fluvisols (1 kim?) in the southeast, and pellic Vertisols
(0.4 km?) in the northwest (Fig. 5a).

The youngest and most dynamic landslide
conditioning factor is land cover-land use. In the
study area, the predominant vegelation is mixed
forest (247 km?) represented by associations of pines

lpreryr Iz AW (ARG
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Fig. 4 a) Slope map, and b) Aspect map in the study area.
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Figura 5. a) Soil group-type, and b) land cover and land use (2020) in the study area
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Fig. 5 ) Soil group-type, and b) land cover and land use (2020) in the study area.

(Pinus pseudostrobus, P. leiophylla, P. douglasiana,
and P. montezumae), oaks (Quercus rugosa, Q.
martinezzi, Q. lauring, Q. crassifolia, and Q.
obtusata), Mexican alder (Alnus jorullensis),
mountain juniper (Juniperus monticola), madrone
(Comarostaphylis discolor). In addition, tepozin
(Buddlejn cordata) is present in the moderate and
gentle slopes of the Pico de Tancitaro stratovoleano
and in lava flows, high hills, and low hills in the
southwest, west, and east. Following in extension are
the following: the oyamel fir forest (Abies religiosa)
(45 km?) growing on the flanks of the stratovoleano,
unvegetated areas (40 kn®) on recent lava flows, and
subalpine pine forest and grassland (Pinus hartwegii
and Muhlenbergia macroura) (28 km®) on the
summits and glacial valleys of the Pico de Tancitaro
stratovalcano. The less extensive vegetalion covers in
the study area are riparian vegetation (Salix
paradoxa and Oreopanax xalopensis) (3 km?) and
cloud forest {Alnus jorullensis, Bromeliaceae, among
others) (2 km?) (Fig. 5b).

The more extensive land-use category was
permanent agriculture (332 kme), located mostly on
the piedmont in the north, west, south, and southeast
of the study area-where citrus fruits and avocado are
cultivated, followed by rainfed agriculiure (60 km?) in
the northwest, northeast, east, south, southwest, and

west of the study area, where maize and vegetables
are grown. The human settlements (15 km®) are
located at the base of the stratovoleano, and grassland
{11 km?®) is distributed in the center, east and
northeast of the study area (Fig. 5b).

3.2 Multitemporal landslide inventory

We identified 505 landslides in the study area
that were classified in slides and flows, and oecurred
in 1905, 2004, 2010, and 2015 (Table 4).

We observed spatial coincidence of some recent
and old landslide events (17 events m 1995, 3 in 2004,
4 in 2010, and 15 in 2015) and their effect on previous
landslide scars, which is evidence the reactivation of
landslide processes (Fig. 6).

The identified landslides ocenrred in a range of
velocity that goes from 5 meter/second to 3
meter/minute (flows), and from 5 meter/second to
18 meter/hour (slides). These events were mainly
distributed on the flanks of the Pico de Tancitaro
stratovoleano, mountain fluvial valleys, and voleanic
cones, Landslides were predominant in SW-NE and
SE-NW orientations associated with the local fracture
system and developed on andesitic and basaltic
andesitic rocks, on steep slopes (30-45°) ortented to
the south, morth, and east, with coarse-textured
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Tabla 4. Description of landslide events in the multitemporal inventory
Figura 6. Multitemporal landslide distribution and typology map in the study area
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Table 4 Description of landslide events in the multitemporal inventory

E
£
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@y gg§ (CRCR R E S

:
£
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g%

25,520 74 1695 495
18,426 64 2045 139
34,799 15 3990 205
(16,210 341 4,580 165

Note: *Estimated based on the events patyg.ms extension inventoried using the inputs deseribed in Table 1.

Fig. 6 Multitemporal landslide distribution and typology map in the study area.

Andosols and Leptosols, as well as mixed and oyamel
fir forests (Table 5).

Intense precipitation caused by hurricanes and
tropical storms triggered the identified landslides.
The triggering factor for the 27 events identified in
1995 was Hurricane Calvin with 100 to 125 mm

1660

accumulated rainfall between July 4 and g of the year
1993, those events covered 11.9 ha. The accumulated
rainfall of 50 to 60 mm between October 12 and 13 of
2004 from Tropical Storm Lester, added to the 50-60
of accumulated rainfall caused by the tropical
depression DT16E on October 26 of that same vear,
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Table 5 Multitemporal landslide inventory associated with the Conditioning Factors (CF) (-Continued-)

CF Key/Name  pyp o0
95 15

Sfg

14

-

o

4 36

Land cover

3
2
and land use &

FEFORERS

o
o

OOODDOOEDE

Ua o 1

% of total surface*

Flows

Debris Earth
15 95 04 10 15 05 04 15
1 14 2 15 g9 o (4] 28
a7 =6 98 85 4z o0 100 28
43 10 [} o 35 100 0O 24
1 o o o 1 o o o
7 o o0 o o (] o 10
21 o a o 1 o o 3
o o o o 1 o ] 4
o o o o [} ] o 2
o o o o 1 o o 1

Notes: * Numbers in major values are expressed in bold; 95, o4, 10, 15, are respectively the vear of 1995, 2004,
2010, and 2015. Mo: Mountain (Mo1: Dome summit, Mo3: Glacial valley, Mog: Very steep to steep slope, Mos:
Moderate to gentle slope, M6: Terrace, Mo7: Fluvial valley); Hh: High hill (Hh1: Voleanic cone, Hho; Lavic dome);
Lh: Low hill (Lh1: Voleanic eone, Lh2: Lavie dome), Pi: Pledmont (Pii: Moderate to strongly dissected upper
piedmont, Pis: Fluvial vallev); Va: Valley (Va1: Very steep to steep slope, Va2: Moderate to gentle slope, Vag: Fluvial
valley). A: Andesite, BA: Basaltic andesite. AN: Andosol, LP: Leptosol, CM: Cambisol, RG: Regosol, LV: Luvisol, FL:
Fluvisol, h: humic, o; ochrie, m: mollic, v: vitrie, d: dystric, & eutric, & chromic; Texture (1: coarse, 2; medium, 3:
fine). 5fg: Subalpine pine forest-grassland; Of Ovamel fir forest; Mf: Mixed forest; Cf: Cloud forest; G: Grassland;
Pa: Permanent agriculture; Ra: Rainfed agriculture; Rv; Riparian vegetation; Ua: Unvegetated area.

triggered the six landslides identified in 2004,
affected 6.3 ha, the biggest earth slide was reported
during this season (2.1 ha). In 2010, the two events
were associated with Hurricane Alex that produced
100-125 mm of accunmlated rainfall between July 1
and 2; this season had the smallest number of
landslides covering 6.2 ha, and the biggest debris flow
(5.3 ha). Finally, the 470 landslides identified in 2015
were the consequence of the 125-150 mm of
accimilated rainfall between October 22 and 24 that
was generated by Hurricane Patricia, this season
reported the biggest debris slide (2.5 ha), the biggest
earth flow (1.6 ha), and was affected 104.4 ha.

3.3 Slides

We observed 381 translational slides — 75% of the
total landslides identified in the study area - that
occurred in 1005, 2004, and 2015 at velocities that go
from 5 meter/second to 1.8 meter/hour. 2015 had the
highest number of slides (360), with the most
extensive one reported as covering 2.5 ha (Table 4).
Furthermore, 81% of these slides were classified as
debris slides (308) concentrated in the southeast,
north, and southwest of the Pico de Tancitaro
stratovoleano (Fig. 6). Debris slides were present in
voleanic cones (Lh1), fluvial valleys (Mo7), and on
very steep to steep mountain slopes (Mog). Most
debris slides developed on andesite at inclinations
between 30° and 45°, concurrently with southern and
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eastern-oriented fractures, coarse-textured Andosols,
Leptosols, and Regosols, and mixed forest. The
remaining 73 slides (19%) were classified as earth
slides. They were concentrated on very steep to steep
slopes, mountain fluvial valleys, and volcanic cones,
as well as on andesitic rocks and steep slopes (30°-
45°), mostly oriented towards the south and north.
These slides also developed on coarse and medium-
textured Andosols and medium-textured Leptosols
covered by mixed and ovamel fir forests (Fig. 7).

3.4 Flows

The remaining 25% of the total landslides were
flows (124) with a wvelocity that goes from 5
meter/second to 3 meter/minute, that occurred in
1995, 2004, 2010, and 2015. Flows were more
abundant in the north, east, southwest, and southeast
of the Pico de Tancitaro stratovolcano, and the most
extensive events occurred in 2010 (5.3 ha) and 2015
(3.4 ha) (Fig. 6). The 77% of flows (83) were classified
as debris flows; these are located on andesitic rocks,
mountain very steep to steep slopes, fraetured
surfaces southern and eastern fractures surfaces
oriented, and on ecoarse-textured Andosols and
Leptoscls covered by ovamel fir forest (Fig. 7). The
remaining 33% of flows were earth flows (41) that
were distributed on andesitic very steep to steep
slopes on the mountain, oriented towards the south
and north with Andosol and Leptosol development
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Figura 7. More recent flows and slides observed in fieldwork in the study area
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Fig. 7 More recent flows and slides observed in fieldwork in the study area.

that was covered by oyamel fir forest and subalpine
forest-grassland (Table 4).

4 Discussion

Several studies and landslide inventories
performed in mountain  regions have analyzed
biophysical components like rocks, geoforms, slope
and aspect, soils, land cover and land use, identifying
them as landshde conditional factors (van Westen et
al. 2006; Guzzetti et al. 2012; Murillo and Alcantara-
Ayala 2017; Solis et al. 2019),

Our spatial analysis allowed the identification of
the conditioning factors with the greatest presence in
the slides and flows of the studied area. The
landforms with the highest number of landslides were
very steep and steep slopes, mountain fluvial valleys,
and voleanie cones, with slopes between 30 and 45°
and oriented towsards the south, north, and east,
which suggests that the Pico de Tancitaro
stratovolcano is highly susceptible to landslide events.
These results concord with previous studies made on
other mountains within the same morphogenetic

environment of the Trans-Mexican Volcanic Belt as
follows: Colima (Cortés et al. 2010), Nevado de Toluea
(Garcin et al. 2018), and Pico de Orizaba (Aceves et al.
2016) voleanoes, and the Sierra de Angangueo
(Aledntara-Ayala et al. 2012) and Sierra de Guadalupe
(Garcda et al. 2006) mountain ranges. Our results also
line up with those stated by Enriquez and
collaborators (2010) who indicated that slope
instability processes are more common in mountain
zones, stratovoleances, and in geoforms with steep
slopes.

The oldest rocks (fractured andesites) presented
the highest number of slides and flows because of
their weakening caused by their longer exposure to
exogenous processes. Previously, Alcintara-Ayala and
Murillo (2008), Highland and Bobrowsky (2008), van
Westen et al. (2008), Enriquez et al. (2010), Muiiiz
and Hernindez (2012), and De la Peiia et al. (2021)
reported similar results, identifving rock type and
stratigraphy as the main factors for characterizing
landslides, as well as observing that landslides are
most frequent on fractured surfaces underlaid by
sliding bedrocks and in poorly consclidated materials.

Andosols and Leptosals were the soil groups that
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coincided the most with slides and flows because of
the relationship among soils, parent material and
geoforms. Incipient soils (Leptosols) develop on more
tilted geoforms where highly fractured andesite blocks
outcrop, but deep Andosols develop on gentle and
maoderate slopes formed on andesitic tuff underlying
andesitic lava flows, which act as sliding surfaces
when are saturated with water. Similar behaviors
have been observed in soils from other interfropical
mountain regions. On the one hand, there are deep,
clavey, and silty soils that are gquickly saturated and
tend to slide downwards on steep geoforms
(Kobiyama et al. 2011; Gomes and Vieira 2016;
Salazar et al. 2019), and on the other, there are
underdeveloped, coarse-textured soils where the
moving surface is rocky and poorly consolidated
(Lacerda 2007, Coutinho et al. 2019).

Most of the landslides we identified in the study
area occurred in mixed and oyamel fir forests because
these are the land covers where precipitation is
highest (Fuentes et al. 2oo04). In general, the
vegetation stabilizes slopes by distributing the
humidity throughout its vertical strata and by the soil
cohesion provided by root systems (Schmidt et al.
2001; Mao et al. 2012). These areas, however,
coincide with mountain slopes and Andosols used for
farestry, recreational, and agricultural (cultivation of
annual and perennial crops and animal husbandiy)
activities, which increase their susceptibility to
landslides by promoting deforestation for opening
roads, trails, and parcels (Fuentes et al. 2004; van
Westen et al. 2008). Similar behaviors have been
observed in other mountain regions with uses ranging
from tourist and recreational (in natural protected
areas) to agricultural by Lozano and Bussmann
(2005), Marques et al. (2008), Franco et al. (2018),
and Carvalho et al. (2019).

The spatial coincidence between recent and old
landslide events we observed in the study area is
evidence of the reactivation of processes that caused
damage on previous scars, as reported by Samia and
collaborators (2016), In their landslide inventory
within a mountain zone, they found that surfaces
where landslides have occurred are susceptible to
developing such future processes that might be more
extensive than the previous. According to Cruden and
Varnes (1996), and Hungr and collaborators (2014),
the identified landslides can be classified according to
their occurrence velocity as extremely rapid to very
rapid (flows), and extremely rapid to rapid (slhides)

movements.

Huddleston et al. (2003), Legorreta et al. (2014),
Aceves et al. (2016), and Terz et al. (2o19) have
stated that intensive rainfall cansed by extreme
hydrometeorological  events, like  hurricanes
originating in the Pacific or Atlantic Oceans, are
among the main triggers of landslides. Our results in
the study area support the latter statement. Landslide
events in the study area were triggered by intense
rainfall caused by hydrometeorological phenomena
from either the Pacific Ocean, like Hurricane Calvin in
1993 (100 to 125 mm 6-day accumulation), Tropical
Storm Lester and the tropical depression DT16E in
2004 (together accumulating 100 to 120 mm in 3
days), and Hurricane Alex in 2010 (100-125 mm 2-
day accumulation), or the Atlantic Ocean, like
Hurricane Patricia in 2015 (125-150 mm 2-day
accumulaton) (SMN 2ozia, b). The data above
suggests that the frequency in the occurrence of
landslides in the study area is every 6 fo 7 years,
which may be associated with the behavior and effects
of ENSO in Mexico exposed by Magana et al. (2003).
We also observed that while higher amount of
precipitation that triggering a landslide in a shorter
period of time, that will cause the magnitude (area
affected) by the landslides to be larger (Fig. 8).

According to Dominguez et al. (2016), the rainfall
generated in  the study area by the latter
meteorological events ranged between 1medium
(117.07 mm) and high (175.61 mm) threshold values of
aceumulated precipitation in 24 hr that might trigger
landslides in the Trans-Mexican Volcanic Belt The
comparison of the accumulated precipitation during
these meteorological events with the precipitation
database of Fuentes et al. (2004) shows that rainfall
represents between 11% and 16.5% of the annual
precipitation recorded in the Tancitaro meteorological
station (910.5 mun).

Examples of landslides triggered by intense
precipitation from hurricanes and tropical storms
have been observed in other mountain regions in
Mexico. For example, they have been observed in the
coastal region of Guerrero where Hurricane Paulina
in 1997 accumulated 411 mm i one day, exceeding
the highest threshold value (260.7 mum) for triggering
landslides; in the Sierra Norte de Puebla, where a
tropical cyclone (1999) caused 743 mm  of
acounmlated precipitation in four days, which is over
three times the highest threshold value recorded for
the region; and in the Sierra de Angangueo (z010) the
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Figura 8. Landslide frequency and magnitude in the study area
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accumulated precipitation in five days was 146-246
mm, placing it between the high (175 mm) and very
high (2341 mm) threshold values for triggering
sudden landslide events (Alcintara-Ayala 2004,
Alcintara-Ayala et al 2012).

Earthquakes can also trigger landslides (Ferrari
2000; Legorreta el al. 2014; Aceves et al. 2016). The
study area is located within the moderate seismic
zome in Mexico, which {s an area where earthquakes
are infrequent, and, when they do oceur, their
acceleration values is less than 70% of gravity
acceleration (SGM 2017). Between 1990 and 2020, 66
earthquakes were recorded in the study area with
magnitudes between 32 and 4.3 (classified as
microseisms), but none of them occurred either m
previous months or during the development of
landslide events, which proves that earthquakes were
not triggering factors of these events (SSN zo21).

The generation of multitenporal landslide
inventories in mountain zones is essential for
knowing the magnitude and frequency of landslide
events to aid in decision-making for the prevention,
nitigation, and management of the associated risks,
as exemplified by sueccessful experiences in the Sierra
de Guadalupe (Garela et al 2006), Sierra de
Angangueo (Aledntara-Ayala et al. 2012), Sierra Costa
de Jalisco (Muiiiz and Herndndez 2012), Sierra Norte
de Puebla (Murillo and Aleantara-Ayala 2017), Sierra

de Guerrero (Alcintara-Ayala et al. 2017), and the
Sierra-Costa de Michoacan region (Solis et al. 2019).

5 Conclusions

Here we documented how it is possible to study
the distribution, typology, velocity, and composition
of landslides occurring in intertropical mountain
regions through multitemporal inventories from the
geographie perspective. At present, however, these
studies are few and lack information at a detailed
scale, which can be overcome by compiling and
generating cartographie information about landslides
and their conditioning and triggering factors at a
higher spatial resolution.

Our inventory identified the areas affected by
landslides, and the results from our conditioning
factor spatial analysis allowed identifving that,
voleanic cones, slopes and mountain river valleys,
covered by Andosols and Leptosols, >30° slopes, with
ovamel fir and mixed forests, mainly oriented to
South, North and East, were the classes with higher
relative importance for assessment and eartographic
modeling of the study area’s susceptibility and
hazardness caused by landslides.

The multitemporal landslide inventory and the
spatial analysis of conditioning factors at the 1:50,000

1665

71



J. Mt Sei. (2o22) 19(6): 1650-1669

seale allowed a detailed characterization, as well as an
increase in the knowledge level of the frequency and
magnitude of landslides in the study area. This
information is useful for future studies of
susceptibility, hazardness, vulnerability and risks to
natural hazards, which could be represented by
detailed maps, cartographic modelling, risk atlas, and
territorial planning programs in the intertropical
mountain areas to support land use planning and the
disaster risk management.
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Capitulo I11. Anélisis dendrogeomorfoldgico de un proceso de
remocion en masa complejo en el estratovolcan Pico de
Tancitaro, México
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Resumen

La ocurrencia de Procesos de Remocion en Masa (PRM) en montafas intertropicales es
recurrente, debido a las precipitaciones torrenciales y sismos. El andlisis de estos procesos
depende de la calidad de los datos disponibles, debido a que éstos son claves en la evaluacién
de su peligrosidad. El uso de técnicas dendrogeomorfoldgicas aporta dataciones precisas de
la ocurrencia y magnitud de los eventos de remocion en masa. Por ello, esta investigacion
tiene como objetivo, reconstruir espacio-temporalmente el Proceso de Remocién en Masa
Complejo (PRMC) “La Culebra” mediante técnicas dendrogeomorfoldgicas, el cual es el
evento de mayor magnitud inventariado recientemente en el estratovolcan Pico de Tancitaro.
Se realiz0 la caracterizacién geomorfoldgica, la descripcion de la estructura del paisaje, y la
reconstruccion de la frecuencia y magnitud del evento. La cartografia geomorfologica se
realiz6 con base en el diagrama de las partes de un PRMC, y se representd por medio de
perfiles longitudinales y transversales, describiendo a su vez las caracteristicas geoldgicas,
edaficas y vegetales a escala detallada. La reconstruccion de la frecuencia y de la magnitud
del evento se llevo a cabo mediante analisis dendrocronolégicos y geomorfologicos. A partir
de la caracterizacion geomorfoldgica y la descripcion de la estructura del paisaje se
identificaron geoformas asociadas a deslizamientos y flujos de escombros las cuales
conforman el PRMC, en ellas se encuentran suelos enterrados de origen volcanico, cuya
vegetacion arbérea (Abies religiosa) registrd favorablemente el evento. Se realizd un
muestreo dendrocronoldgico para generar la cronologia de eventos, este consistié en obtener
122 nucleos de crecimiento de 72 arboles (Abies religiosa), estos arboles presentaron marcas
derivadas del PRMC, las muestras fueron analizadas mediante COFECHA, para
posteriormente con el programa ARSTAN generar una cronologia e identificar los eventos.
También se generd una cronologia de referencia, para lo cual se muestrearon 20 arboles (17
Pinus hartwegii, 3 Abies religiosa), para obtener un total de 26 muestras. El analisis de la
cronologia de arboles impactados permitid identificar en el 100% de las muestras ductos de
resina traumaticos. Los analisis de las mediciones de ancho de anillo dieron como resultado
un valor de intercorrelacion de 0.48 para la cronologia de referencia y 0.52 para la cronologia
de eventos. Al calcular el indice de Shroder se identifico al afio 2016 con una respuesta
significativa (96%). El evento de remocion en masa fue detonado por las lluvias (125 a 150
mm) del huracan Patricia ocurrido del 22 al 24 octubre de 2015. Debido a su volumen y
velocidad de ocurrencia el PRMC se clasifico como altamente peligroso. Lo anterior
demostro que los andlisis dendrogeomorfoldgicos permiten identificar con exactitud la fecha
de la ocurrencia de eventos de remocion en masa, con ello es posible identificar su frecuencia
y magnitud, abonando a la generacion de bases de datos que permitan caracterizar los peligros
geomorfoldgicos, monitorear y modelar su comportamiento, para asi poder mitigar sus
efectos desastrosos y gestionar los riesgos asociados a su ocurrencia en zonas de montafia
intertropical.

Palabras clave: Anillos de crecimiento de arboles, Dendrogeomorfologia, Precipitacion
extrema
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Introduccion

Durante las Gltimas dos décadas (2000-2019), el continente americano ha concentrado el 24%
de los eventos desastrosos causados por Procesos de Remocion en Masa (PRM), los cuales
han sido detonados principalmente por precipitaciones extremas (CRED, 2020; Valdés et al.,
2021; 2022). Estos procesos también pueden ser detonados por sismos, derretimiento rapido
de nieve, actividad volcanica, inundaciones y diversas actividades humanas (Alcantara-
Ayala, 2000; Mergili et al., 2015). La comprensién de la distribucion, magnitud y frecuencia
de los eventos pasados y presentes de remocion en masa es clave para la evaluacion de
peligros y para la mitigacién de los riesgos asociados (Slaymaker, 2010; Corominas & Moya,
2010). En los ambientes montafiosos, asi como en &reas remotas los datos disponibles para
el andlisis de los peligros son escasos 0 no existen (Franco et al., 2019), lo que dificulta la
compresion de su evolucion y dindmica y por lo tanto su gestion.

En los dltimos afios se han aplicado técnicas dendrocronoldgicas para entender la
dindmica, magnitud y frecuencia de diversos peligros geoldgicos y geomorfologicos,
demostrando su idoneidad en la elaboracion de estudios paleoambientales (Franco et al.,
2018). La dendrogeomorfologia usa como indicador la respuesta de los anillos de los arboles
ante eventos geomorfoldgicos, permitiendo fecharlos con exactitud anual y/o estacional, por
lo que su interpretacion puede utilizarse para reconstruir procesos morfodindmicos y
determinar periodos de estabilizacién-desestabilizacion en laderas y barrancos, y aportar
dataciones precisas de la ocurrencia de eventos (Stoffel & Bollschweiler, 2008; Stoffel &
Corona, 2014; Silhan & Stoffel, 2015; Franco et al., 2018).

En Norteamérica y Europa durante las ultimas décadas, esto ha sido demostrado
mediante varias investigaciones enfocadas al estudio de flujos de escombros (Stoffel et al.,
2008; Schraml et al., 2015; Silhan et al., 2015), caida de rocas (Stoffel et al., 2005; Stoffel et
al., 2011), y avalanchas de nieve (Stoffel et al., 2006). En México, la dendrogeomorfologia
ha sido escasamente aplicada para el analisis de peligros por PRM, los estudios se han
concentrado en la identificacion de zonas con potencial dendrogeomorfol6gico en zonas de
montafa (Franco et al., 2018); en el estudio de caidos de roca (Stoffel et al., 2011; Franco et
al., 2017), caido de rocas y deslizamientos (Vazquez & Franco, 2022), y flujos de detritos
(Pablo et al., 2020; De la Pefia, 2023); estos estudios se han centrado principalmente en las
especies de: Pinus hartwegii, Pinus leiophylla, Pinus ayacahuite y Pinus patula, Abies
religiosa y Juniperus deppeana, siendo el Abies religiosa la de mayor potencial para estudios
dendrogeomorfoldgicos.

En México, cerca del 90 % de las areas susceptibles a inestabilidad de laderas se
localizan en las zonas altas de las cuencas, predominando en ambientes montafiosos como el
Sistema Volcénico Transmexicano, la Sierra Madre del Sur, la Sierra Chiapaneca y la Sierra
de Baja California, por lo que es necesario la elaboracion de estudios relacionados con la
caracterizacion, la prevencion y la mitigacion de esta amenaza (Enriquez et al., 2010). En la
actualidad, su ocurrencia se ha incrementado de manera alarmante debido al cambio
climatico, la deforestacion, la erosion, la alteracion del drenaje y por la construccion de
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asentamientos humanos en sitios inadecuados, lo que ha incrementado el riesgo de sufrir
desastres (Alcantara-Ayala, 2004).

En ese sentido, esta investigacion tiene como objetivo reconstruir espacio-
temporalmente el Proceso de Remocidn en Masa Complejo (PRMC) “La Culebra”, el cual
es el evento mas reciente y de mayor tamafio registrado en el estratovolcan Pico de Tancitaro
(Valdés et al., 2022). Su estudio representara la primera aproximacion dendrogeomorfoldgica
a un Proceso de Remocién en Masa Complejo (PRMC) en zonas de montafia intertropical,
generar informacion sobre el peligro por este tipo de procesos geomorfoldgicos, y corroborar
el potencial de los analisis dendrogeomorfoldgicos para la caracterizacion del peligro, con lo
cual se aporte informacion para la gestion del riesgo por PRM en zonas montafiosas.

Materiales y métodos
Area de estudio

El area de estudio corresponde al proceso de remocion en masa complejo “La Culebra”
(Figura 1c), el cual se localiza en el flanco Sureste del Estratovolcan Pico de Tancitaro, entre
las coordenadas 102°16'42.09" y 102°16'22.85" de latitud Oeste y 19°24'07.02" y
19°23'55.74" de latitud Norte (Figura 1b). Se ubica dentro del Sistema Volcéanico Transversal
(Figura 1a), en el Campo Volcénico Michoacan Guanajuato, considerado un arco volcéanico
continental activo, desde el Terciario, caracterizado por presentar volcanes poligenéticos y
monogenéticos, formados a partir de la subduccion de la placa de Cocos y Rivera debajo de
la placa norteamericana (Ferrari et al., 2012; Macias & Arce, 2019).
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Figura 1. a) Localizacion del estratovolcan Pico de Tancitaro en el Sistema Volcéanico Transversal, b)
Localizacion del PRMC “La Culebra” en el Pico de Tancitaro, ¢) Imagen de vuelo de dron de alta resolucién
donde se aprecia el PRMC “La Culebra” delimitado por el poligono rojo discontinuo.

La zona de estudio se ubica sobre lavas de composicién andesitica (239 +/- 22 ka), que
conforman cimas irregulares y laderas de montafia (muy escarpadas a escarpadas y medias a
suaves), cuya pendiente va de 5° a >45°, con orientacion predominante al Este. Tiene
influencia del clima semifrio subhimedo C(w) y subhimedo con lluvias en verano (wx).
Estas condiciones han permitido la formacion de suelos con propiedades andicas
(principalmente andosoles), sobre los que se establece el bosque de oyamel (Abies religiosa),
y algunos pinos (Pinus pseudostrobus) sujetos a manejo forestal. Esta area forma parte de la
Comunidad Indigena de Nuevo San Juan Parangaricutiro y del Area de Proteccion de Flora
y Fauna Pico de Tancitaro (Velazquez et al., 2003; CONANP, 2014). El evento de remocion
en masa “La Culebra” es considerado el de mayor magnitud en el estratovolcan Pico de
Tancitaro, el cual fue detonado por la precipitacion extrema generada por el huracan Patricia
en octubre de 2015 que report6 una precipitacion de 125 a 150 mm en 3 dias, lo que saturo
el suelo y desencadeno un movimiento complejo y rapido que arrastro escombros (Valdés et
al., 2022).

Caracterizacion geomorfoldgica y estructura del paisaje del proceso de remocion en
masa complejo

La comprension de la evolucién y la dinamica del proceso de remocién en masa requirié de
la generacion de la cartografia de las unidades geomorfologicas y de la descripcion de la
estructura paisajistica. La cartografia de las geoformas se realiz6 a escala de gran detalle
(1:500), a partir del Modelo Digital de Superficie (MDS) generado con la nube de puntos
obtenida de las imagenes tomadas mediante un vuelo de dron (Mavic 2 pro) (Tabla 1). Las
geoformas fueron interpretadas y clasificadas siguiendo el diagrama de las partes de un
proceso de remocion en masa complejo de Cruden & Varnes (1996) y Highland &
Brobowsky (2008). La descripcion de su comportamiento implico la elaboracion del perfil
longitudinal anterior y posterior al evento, los cuales fueron generados a partir de modelos
digitales de elevacion (Tabla 1). El analisis espacial y la representacion cartografica se realizo
en el Sistema de Informacion Geografica Arc Gis 10.8.

Se realizd la descripcion paisajistica del deposito y su area aledafia analizando las
caracteristicas geologicas, edaficas y vegetativas, las cuales fueron obtenidas y verificadas
mediante muestreos en campo Yy se representaron mediante perfiles transversales (Tabla 1).
Las caracteristicas geoldgicas se obtuvieron mediante un levantamiento en campo siguiendo
la metodologia propuesta por Silva & Mendoza (2016), se analizaron cinco sitios, levantando
informacidn sobre las siguientes caracteristicas: 1) ubicacion (coordenadas X,Y, altitud
(msnm), orientacion y pendiente (°); 2) estratigrafia (superposicion, edad relativa); 3)
estructuras falla (tipo, material asociado, sentido del movimiento, rodamiento); fracturas
(ancho, orientacion, grado y apertura del material fracturado, desprendimiento); 4) hipotesis
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de formacidn; 5) litologia; 6) textura de la roca (textura, origen, clasificacion, cristalinidad,
forma, madurez, mineralogia, clasificacién, color, granulometria, poros, permeabilidad,
meteorizacion (grado, tipo, observaciones)); 7) geoforma; y, 8) vegetacion. Las herramientas
necesarias para esta verificacion fueron la brajula Brunton, clindmetro, dispositivo GPS,
pica, flexémetro, calibrador vernier (regla de precisién) y pica geoldgica.

La descripcion de las caracteristicas edaficas se llevo a cabo siguiendo la metodologia
del sistema de clasificacion internacional de suelos y las metodologias estdndar de muestreo
de suelos en campo (IUSSWG, 2015); se realizaron ocho calicatas, cuatro dentro y cuatro
fuera del depdsito, recabando las siguientes caracteristicas: 1) datos del sitio (nombre,
coordenadas (X,y), altitud (msnm), pendiente del terreno (°), roca, geoforma, vegetacién y
uso de suelo), 2) descripcién del perfil (horizontes, profundidad, textura, color, al6fanos, pH,
pedregosidad (cantidad, tamafio, forma), estructura, raices (cantidad, tamafio), y fauna). Las
herramientas necesarias para estas verificaciones fueron el GPS, clinGmetro, cinta métrica,
navaja, agua destilada, agua normal, tiras medidoras de pH, fenolftaleina, fluoruro de sodio
y contenedores plasticos de tamarfio pequefio.

La descripcion de las caracteristicas vegetativas se realiz6 conforme a la metodologia
de Walker & Shiels (2013), la cual es aplicada para analizar la sucesion natural de la
vegetacion después de presentarse un PRM; las caracteristicas analizadas fueron: tipo de
vegetacion, altura, nimero de individuos, estructura vegetativa, distribucién y densidad. Las
herramientas utilizadas fueron el altimetro, flexdmetro y cinta métrica (Tabla 1).

Tabla 1. Insumos utilizados para generar el mapa geomorfoldgico detallado, los perfiles longitudinales y los
perfiles transversales del PRMC “La Culebra”.
Tema Insumos Resolucion Fuente
Generado a partir de vuelos
con dron en el afio 2021
Generado a partir del

Ortomosaico 0.05x0.05m

Modelo Digital de Elevacion

0.1x0.1m .
Mapa geomorfoldgico (MDE) ortomosaico
pag g Modelo Digital de Superficie Generado a partir del
0.1x0.1m .
(MDS) ortomosaico
Mapa de sombras 0.1x0.1m Generado a partir MDE
Mapa de pendiente 0.1x0.1m Generado a partir MDE
Perfil longitudinal del | Modelo Digital de Elevacion 01%01m Generado a partir de las
PRMC (MDE) ' ' imagenes del drone

Perfil longitudinal de la
superficie original del
terreno

Generado a partir de las
0.1x0.1m curvas de nivel del mapa
topogréfico (INEGI, 2013)
Generado a partir de las
imagenes del drone

Modelo Digital de Elevacion
(MDE)

Modelo Digital de Elevacion
(MDE)

5 sitios de verificacion
geoldgica (escarpe (1), zona
Perfiles transversales | alta (1), zona media (1) y zona
baja (2))

8 sitios de verificacion edéfica
(4 dentro del PRMCy 4 enla 1x1m Muestreo en campo
superficie original del terreno)

0.1x0.1m

1x1m Muestreo en campo
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3 sitios de verificacion
vegetativa (zona alta, media y 1x1m Muestreo en campo
baja)

Reconstruccion dendrogeomorfoldgica de la frecuencia y magnitud del evento

El analisis y el mapeo dendrogeomorfolégico permitieron realizar la reconstruccion de la
frecuencia y magnitud del proceso de remocion en masa complejo. El anélisis
dendrogeomorfoldgico consistid en la construccion de la cronologia de eventos de remocién
en masa y en una cronologia de referencia.

La cronologia de eventos se realizé mediante el andlisis de los arboles con cicatrices
ocasionadas por el proceso de remocion en masa complejo (Stoffel & Bollschweiler, 2008,
2009; Stoffel et al., 2010), siguiendo el modelo Proceso-Evento-Respuesta (Shroder, 1980).
Se muestrearon 72 arboles (Abies religiosa) que presentaron cicatrices, con un barreno tipo
Pressler, obteniendo de tres a cuatro ndcleos por arbol (a los lados de la cicatriz y en la parte
posterior al golpe). En total fueron 122 nlcleos, los arboles muestreados se ubicaron en los
extremos del proceso de remocion en masa complejo, lo cual permitio realizar una mejor
lectura de los anillos y fechar los eventos (Franco et al., 2017).

Por cada arbol muestreado se llen6 un registro que contempl6 clave (sitio, nimero de
muestra), coordenadas, diametro (cinta diamétrica), pendiente de la base en grados,
inclinacion, altura y orientacion del arbol, orientacion del impacto, nimero, altura y ancho
de las cicatrices, altura de la muestra, geoforma, tipo de suelo, tipo de vegetacion, uso de
suelo y observaciones; las herramientas necesarias para la toma de estos datos fueron:
flexdbmetro, cinta diamétrica, hipsémetro, clindbmetro y GPS. Las muestras fueron procesadas
en el laboratorio montandolas en molduras de madera, y dejandolas secar, posteriormente se
lijaron siguiendo la metodologia estandar de Stoffel & Bollschweiler (2008).

Posteriormente, los anillos se dataron para determinar su edad tal como lo indica
Corona et al. (2014). Primeramente, se elaboraron los skeleton-plots de cada muestra, los
cuales fueron comparados para identificar afios faltantes, supresiones, afios con anillos
angostos y anillos anchos. Posteriormente, se llevo a cabo el correcto conteo y fechado, el
cual se realiz6 mediante inspeccion visual y con la ayuda de un microscopio estereoscopico
segun la metodologia de Altman et al. (2016), el ancho de los anillos se midi6 con un equipo
Velmex cuya resolucion es de 0.001mm (Robinson & Evans, 1980). La calidad del fechado
y la medicion se verificd con el programa COFECHA (Stokes & Smiley, 1968; Holmes,
1983), para la generacion de la cronologia solo se consideraron las series dendrocronoldgicas
que presentaron coeficiente de intercorrelacion mayor a 0.3281. Finalmente, con el programa
ARSTAN (Cook & Holmes, 1986), se generd una cronologia de indice de ancho de anillo
(1AA).

A continuacién, se llevo a cabo el anlisis de disturbios en los anillos de los &rboles
para evaluar con exactitud el afio de ocurrencia y la frecuencia de eventos geomérficos. Las
respuestas expresadas en los anillos de los arboles fueron representadas en el programa Fire
History Analysis and Exploration System (FHAES). Adicionalmente, se realizo el indice de
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Respuesta de Shroder, para comprobar que los eventos identificados fueran provocados por
eventos de remocion en masa, este indice divide el nimero de arboles dafiados para el afio t
entre el niumero total de arboles vivos del afio t, esto se multiplica por 100 para expresarlo en
porcentaje (Shroder, 1978). El valor del indice debe ser mayor al 30% para tener certidumbre
de la existencia de un evento geomorfoldgico (Butler & Stoffel, 2013).

También se generd una cronologia de referencia, esta cronologia se elabor6 a partir
del muestreo 20 &rboles (17 Pinus hartwegii, 3 Abies religiosa) no dafiados por el proceso de
remocion en masa, obteniendo 26 muestras, estas muestras se colectaron fuera de la zona
afectada por el PRM. El procesamiento, fechado y medicion siguié los mismos
procedimientos usados para construir la cronologia de eventos.

Finalmente se gener6 la cartografia de magnitud (superficie afectada y cicatrices) a
partir de los arboles dafiados y la informacion recabada en campo. Se realizaron los mapas
de edad de arbolado, nimero, alto y ancho de las cicatrices ocasionadas por el PRMC esto
de acuerdo con las metodologias planteadas por Stoffel & Bollschweiler (2008); la
interpolacion de los datos puntuales se realizo aplicando el algoritmo IDW (Distancia Inversa
Ponderada). También, se calcul6 el volumen del material removido mediante la diferencia
algebraica de los volumenes reportados para la superficie anterior y posterior al evento, esto
se obtuvo procesando los modelos digitales de elevacion con la herramienta Surface Volume
de Arc Gis. Para tener un célculo mas preciso el resultado se multiplico por los valores de
densidad media (2.1 ton/m®) reportados para deslizamientos y flujos de escombros por
Iverson (1997) y Wang et al. (2018).

Resultados

Cartografia geomorfoldgica del proceso de remocidén en masa complejo

El proceso de remocion en masa “La Culebra” se clasifica como complejo. Este se
desarrolla en el ambiente morfogenético conocido como Sistema Volcanico Transversal, y
es caracteristico del paisaje geomorfologico clasificado como “Montana”; la descripcion a
mayor detalle de este proceso (desde su parte alta a su parte baja), muestra que coincide con
cimas irregulares, laderas muy escarpadas a escarpadas, y laderas moderadas a suaves. Las
caracteristicas geomorfologicas referidas anteriormente condicionaron el desarrollo del
evento de remocion en masa, su formacion se divide en dos eventos simultaneos: 1) la
formacion de un deslizamiento traslacional de escombros y, 2) el desarrollo de un flujo de
escombros. El deslizamiento traslacional constituye la zona de desprendimiento (3,140-2,985
m s.n.m.) y el flujo la zona de deposicion (2,985-2900 m s.n.m.) del PRMC. El deslizamiento
esta conformado por la corona (20.2 m?), el escarpe principal (37.2 m?) y el cuerpo principal
(8,287.5 m?); el material trasportado por el deslizamiento fue acumulado en la zona del pie
(5,642.2 m?). No se observa l6bulo frontal del deslizamiento traslacional, lo cual indica que
el material acumulado al pie del deslizamiento fue el principal insumo para formar el flujo,
transportando y depositando el material (escombros) en su pie (28, 917 m?). Dentro del pie
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del flujo se observan fracturamientos radiales (596.5 m?), los cuales evidencian el avance de
la erosion hidrica al disectar verticalmente la zona de acumulacion del evento (Figura 2).

Acumulacion
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Figura 2. Perfil longitudinal y mapa geomorfologico detallado del PRMC “La Culebra”; D: Deslizamiento; F:
Flujo.

Estructura del paisaje del proceso de remocion en masa complejo

El andlisis en campo de la estructura paisajistica (roca, suelos y vegetacion) (Figura 3) del
PRMC permite identificar que la corona y el escarpe principal estan constituidos por el
afloramiento de un derrame lavico, cuya roca tiene composicion andesitica, este afloramiento
esta orientado al noroeste y tiene una pendiente mayor a 40°. El material litologico presenta
alto grado de fracturacion, las fracturas tienen un ancho de 6 a 12 centimetros, lo cual genera
el desprendimiento de bloques que ruedan a favor de la pendiente. Se observa también alto
grado de intemperismo fisico y biolégico causado por las bajas temperaturas y por la
presencia de musgo, arbustos, arboles y fauna (Figura 3-1r, 4a).

Se observan suelos someros como el Leptosol y el Regosol edtrico (Figura 4f) con
caracteristicas andicas, los primeros encontrados en la parte alta de la corona y entre las
paredes del escarpe principal; y los segundos al pie del escarpe en la superficie anterior al
cuerpo del deslizamiento. Los Leptosoles tienen una profundidad de 10 centimetros, dos
horizontes (O y A) antes de llegar a la roca madre (andesita), textura limosa, presencia de
aléfanos (+, ++), pH de 7.08 a 7.59, y alta pedregosidad (Figura 3-1s). Los Regosoles tienen
una profundidad de 45 centimetros, cuatro horizontes (O, AC1, AC2 y C), textura limosa y
areno-limosa, aléfanos (+, ++), pH de 7.29 a 8.01, y alta pedregosidad (Figura 3-2s).
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Finalmente, dentro de la cicatriz causada por el evento se presentan pastos y renuevos de
arboles dispersos de un afio de edad, y fuera de ella un bosque denso de arboles de oyamel
de 25 metros de altura aproximadamente y varios renuevos de un afio de edad (Figura 4g).

En cuanto al cuerpo y al pie del deslizamiento, estos presentan depdsitos de caida
representado por lapilli (4b) y depdsito de ceniza de la erupcion del volcan Paricutin (Figura
3-2r, 4d), estan orientados al Este con una pendiente de 25°. El suelo que se desarrolla en la
superficie original es el Andosol 6crico (Figura 3-3s), este suelo tiene una profundidad
variable; sin embargo, se observa que en algunas partes es mayor a 1.55 metros. Se
diferencian cinco horizontes (OH, Al, A2, A3, AC1y AC?2). Este suelo evoluciono a partir
del intemperismo de las cenizas provenientes del volcan Paricutin. Su textura principal es
limosa, limo-arenosa y areno limosa, su contenido de al6fanos de + a +++, su pH de 7.51 a
7.95, no reporta pedregosidad y su contenido de raices es alto (Figura 4e).

Dentro de la cicatriz se observa el resultado de la remocion del suelo més superficial
y de las cenizas sobre las que este se desarroll6, debido al avance del PRMC, dejando
expuesto el andosol écrico mas antiglio (Figura 3-4s, 4c), el cual tiene una profundidad de
hasta 2.30 metros, presenta cuatro horizontes (BC1, C, BC21 y BC22), su textura es franca,
arcillo arenosa y arcillo limosa, su contenido de al6fanos (+, ++), su pH de 7.75 a 7.95, su
pedregosidad alta, y en la base se observa el lapilli. La vegetacion dentro de la cicatriz esta
conformada por arboles jovenes dispersos, arbustos, herbaceas y pastos de altura no mayor a
1.5 metros; fuera de la cicatriz se presentan arboles jévenes y maduros de oyamel, y algunos
pinos, ambos con una altura promedio de 25 metros.
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Figura 3. Sitios de analisis y verificacién en campo de la estructura del paisaje (roca, suelo y vegetacion).
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Finalmente, el pie y los fracturamientos radiales del flujo tienen un comportamiento similar
al cuerpo y al pie del deslizamiento, presentando depdsitos de caida (ceniza y lapilli) (Figura
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3-3r) en su estructura, estos materiales estan orientados al Este con pendiente de 20°, tienen
un espesor aproximado de 60 centimetros a 3 metros, y alto grado de intemperismo fisico y
bioldgico. En su parte baja aflora un derrame lavico de andesita basaltica (Figura 3-5r) cuya
posicion en el relieve sugiere que es mas antiguo que el que conforma el escarpe y la corona,
su orientacion es Este y su pendiente de 10°, su espesor es mayor a 6 metros y su grado de
meteorizacion va de medio a bajo. Al pie del derrame se observan acumulaciones de arcillas
intercaladas con lapilli, con un espesor de 2 metros y algunos cantos rodados transportados
por el cauce que se ubica al final del PRMC (Figura 4).

En la superficie original se presentaron Cambisoles andicos (Figura 3-5s) y
Andosoles 6cricos (Figura 3-7s), los primeros con una profundidad de 65 centimetros, cinco
horizontes (OH, OA, A, AC, D), textura limosa, limo arenosa y franca, al6fanos ++ y +++,
pH de 7.02 a 7.42, bajo pedregosidad y alto contenido de raices. Los segundos y mas
predominantes tienen una profundidad mayor a los 3 metros, ocho horizontes (O, AB11,
AB12, A, AB21, AB22, AB23, B), textura limo arenosa, limo arcillosa, arcillo limosa y
limosa, alta presencia de al6fanos (+, ++, +++, ++++), pH de 7.21 a 7.5, media pedregosidad
y alto contenido de raices. Debajo de los suelos analizados se observa acumulacién de ceniza
y algunos fragmentos de rocas. El suelo presente en el deslizamiento esta representado
también por un andosol decapitado (Figura 3-6s y 8s) de cerca de 2 metros de profundidad,
cuyo basamento esta conformado por lapilli (Figura 3-4r), su textura es arcillo limosa, franca,
franca limosa, areno arcillosa, arcillo arenosa, y arenosa, sus horizontes son el B, BCy C, su
contenido de aléfanos (++ a +++), su pH va de 6.9 a 7.5, tiene de media a alta pedregosidad
y contenido medio de raices.

Finalmente, en la parte alta y media del flujo se observa el ensanchamiento de los
pastos y arbustos, la presencia de jarilla y una mayor densidad en la vegetacién con
regeneracion de oyamel y pino (Figura 3-1v y 2v), en su parte baja se encuentran arboles de
mayor tamafo y la vegetacion es ain mas densa (Figura 3-3v). Fuera del PRM la vegetacion
predominante es bosque de oyamel y se observan también algunos pinos sometidos a manejo
forestal.

Frecuencia y magnitud del proceso de remocion en masa complejo “La Culebra”

Analisis dendrogeomorfoldgico

La cronologia de arboles impactados se construy6 con 122 nucleos de crecimiento,
extraidos de 72 arboles (Abies religiosa) que presentaron dafio por el evento de remocion en
masa. El valor de intercorrelacion entre series y el coeficiente de sensibilidad fueron de 0.52
y 0.27, respectivamente. El ancho de anillo promedio fue de 4.91 mm (minimo 0.66 mm,
maximo 13.6 mm), mientras que la desviacion estandar promedio es de 2.39. Esta cronologia
abarca de 1904 a 2018, siendo representativa de 1966 al 2018 (> 10 muestras, Figura 5).

La cronologia de referencia incluye 26 ndcleos de crecimiento colectados en 20
arboles (17 Pinus hartwegii, 3 Abies religiosa) que no presentaron dafio por procesos de
remocion en masa, estos arboles se ubican cerca de los margenes (40 metros
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aproximadamente) de la zona afectada por el evento. Los valores reportados por COFECHA
muestran que el valor de intercorrelacion de las series es de 0.48 y el coeficiente de
sensibilidad de 0.28. El ancho de anillo promedio fue de 3.03 mm (minimo 0.75 mm, maximo
6.58 mm), mientras que la desviacion estandar promedio es de 1.95. Esta cronologia de
referencia abarca de 1966 a 2020, siendo representativa de 1966 al 2018 (> 10 muestras,
Figura 5).

Se observa que el comportamiento de ambas cronologias es similar del afio 1966 a
1996. Presentan un comportamiento diferente de 1997 al 2009, donde la cronologia de
referencia disminuye el indice de ancho de anillo y en la de arboles impactados aumenta;
posteriormente vuelven a tener comportamiento similar hasta el 2016 (Figura 4). En 2016 la
cronologia de referencia muestra una disminucion en el ancho de anillo y posteriormente un
crecimiento normal, mientras que la cronologia de arboles impactados disminuye ain mas el
ancho del anillo teniendo una recuperacion rapida en el siguiente afio, lo cual indica una clara
respuesta de los arboles que fueron dafiados por el PRMC.
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Figura 5. indice de ancho de anillo Cronologia de arboles de referencia vs Cronologia de arboles impactados
(Abies religiosa ), por el PRMC “La Culebra”; la profundidad de la muestra refiere a la cronologia de arboles
impactados.

Analisis de las reacciones y potencial de Abies religiosa en la evaluacion de PRMC

El analisis dendrogeomorfoldgico mediante el modelo Proceso-Evento-Respuesta
permitio identificar que el PRMC (Figura 6a), propicio eventos (cicatrices) que presentaron
depdsitos de escombros en la base (Figura 6b,d), los cuales respondieron principalmente
mediante ductos de resina traumaticos identificados en los barrenos (Figura 6c,e).

En la cronologia de respuesta (1904 a 2018), se identifican respuestas en 39 afios
diferentes, de las cuales, el 100% corresponden a ductos de resina traumaticos. En el afio

88



2016 se identificaron respuestas en 111 series dendrocronolégicas (91% de las muestras). La
muestra mas longeva tiene 114 afios y se ubica en la zona de acumulacién, la edad promedio

de los arboles muestreados es de 45 afos (Figura 7).

@ Arboles muestreados
PRMC "La Culebra"

I L_] l m

0, 25 50 100

e’ PEORRR
) ¥V Ductos de resina traumaticos (aiio 2016)
Figura 6. a) Ubicacion de los arboles utilizados para construir la cronologia de arboles impactados, b) arbol
golpeado por el PRMC “La Culebra”, ¢) Acercamiento a ducto de resina traumatico del 201, d) muestreo con
taladro de Pressler en arbol con cicatriz de impacto generada por el PRMC, e) evidencia de ductos de resina
traumaticos en los nlcleos obtenidos de los arboles dafiados por el PRMC “La Culebra”.

En la zona de desprendimiento se colectaron 41 muestras (33.6 %), de las cuales 30
muestras corresponden al cuerpo principal del deslizamiento, y 11 muestras al pie del
deslizamiento. En la zona de deposicion, se colect6 el mayor nimero de muestras con 81,
(66.4%). Lo anterior indica que la mayor evidencia del efecto del PRMC se presenta en la
zona de deposicion, area en la que predominan arboles de 40 a 60 afios (Figura 8).
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Figura 7. Eventos registrados por los arboles a lo largo del PRMC “La Culebra”, las lineas verticales
describen el afio en el que se registrd respuesta en la muestra, el poligono rojo sefiala el afio (2016), afio en el
que se identificaron la mayoria de respuestas en las muestras, el grafico superior indica el porcentaje de
muestras con cicatrices y la cantidad de muestras con cicatrices por afio.
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El indice de respuesta de Shroder indica que el afio 2016 es el Gnico afio con
resultados significativos (96%) para ser considerado como una sefial del evento de remocion
en masa, no obstante, en otros 38 afios también se presentaron respuestas, pero no superan el
umbral del 30 % (Figura 9) recomendado para fechar eventos de remocién en masa, por lo
que no fue posible realizar el analisis de frecuencia y se trabajé sélo con este evento.
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Figura 9. Indice de Respuesta de Shroder de las muestras tomadas del PRMC “La Culebra”, para el periodo
(1966-2018).
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Magnitud del PRMC “La Culebra”

De los 72 arboles muestreados impactados por el evento de remocién en masa complejo; la
zona de desprendimiento concentra 24 arboles, de estos 17 arboles se ubican en el cuerpo
principal del deslizamiento y tienen una edad promedio de 53 afios (114 afios el més longevo,
8 afos el de menor edad), en estos arboles reportaron una sola cicatriz de impacto (Figura
10a), siendo la de mayor altura de 5 metros y la menor de 15 centimetros; la altura promedio
de las cicatrices es de 1.17 metros. En cuanto al ancho de las cicatrices, el ancho promedio
es de 42 centimetros, siendo el ancho maximo de 1.2 metros. Los arboles ubicados en el pie
del deslizamiento (7), tiene una edad maxima de 52 afios y una edad minima de 31 afios (44
en promedio); 6 arboles presentan una cicatriz y un solo arbol 3 cicatrices, la mayor altura de
las cicatrices es de 1.38 metros y la minima de 25 centimetros (68 centimetros en promedio)
(Figura 10b); el mayor ancho reportado es de 1.32 metros y el minimo de 12 centimetros (53
centimetros en promedio).

En la zona de deposicion se muestrearon 48 arboles, que corresponden en su totalidad
al cuerpo principal del flujo, el &rbol de mayor edad fue de 57 afios y el de menor 9 afios, la
edad promedio de los arboles fue de 42 afios; aqui se ubican los arboles con el mayor nimero
de cicatrices (1 arbol con 4 cicatrices y 2 con tres cicatrices), nueve arboles presentan dos
cicatrices y 36 una cicatriz; el alto promedio de las cicatrices es de 1.6 metros, el maximo de
4.4 metros y el minimo de 36 centimetros; el ancho promedio fue de 90 centimetros, con un
maximo 1.83 metros y el minimo de 12 centimetros (Figura 10c).

El proceso de remocion en masa complejo “La Culebra”, se desarrolla en una
superficie de 43,501.6 m?, siendo el volumen de remocion de masa aproximado de 744,489.8
m3, el cual considerando la densidad de los escombros removio 1°563,428.6 toneladas. El
volumen de material removido fue depositado al pie del proceso, siendo delimitado por el
dedo del flujo, este punto coincide con la presencia de un cauce de segundo orden que, debido
a su actividad, gradualmente ha transportado los escombros aguas abajo de la cuenca.
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Discusién

El analisis dendrogeomorfoldgico del PRMC “La Culebra” aportd informacion base para
caracterizar su peligrosidad, la cual es importante para la gestion de los riesgos asociados a
los PRM que ocurren en la zona. La utilidad de estos estudios se ha comprobado en otras
investigaciones dendrogeomorfoldgicas desarrolladas en zonas de montafia intertropical, que
han abordado PRM con caracteristicas similares a los flujos de escombros (Stoffel et al.,
2008; Schraml et al., 2015; Silhan et al., 2015; Pablo et al., 2020; De la Pefia et al., 2023); y
a la caida de rocas (Stoffel, et al., 2005; Stoffel et al.,2011; Franco et al., 2017).

El detonante del PRMC “La Culebra” fue una lluvia intensa ocurrida del 22 al 24 de
octubre de 2015, que acumul6 de 125 a 150 mm, generada por el huracan Patricia, esta
cantidad de lluvia representa entre el 11 y 16.5% de la precipitacion anual reportada para el
estratovolcan Pico de Tancitaro (SMN, 2024; Carlon-Allende et al., 2021; Valdés et al.,
2022). A pesar de que Funk et al. (2014) reporto que la lluvia acumulada durante ese periodo
fue menor (62.9 mm) (Figura 11). Lo anterior sugiere que el umbral de lluvia de un evento
de precipitacion necesario para detonar procesos de remocion en masa para la zona de estudio
puede representar el 7 % de la precipitacion anual. Este comportamiento se debe a que los
eventos que se presentan al final de la temporada de lluvias, ocurren sobre suelos saturados,
desencadenando con mayor facilidad procesos de remocién en masa (Hincapié & Tobon,
2012; Picarelli et al., 2012) y provocando inundaciones como la ocurrida el 23 de septiembre
de 2018 en la localidad de Periban de Ramos (Vazquez et al., 2023). Este comportamiento
coincide con lo encontrado en otros estudios sobre PRM detonados por lluvias torrenciales
en montafias intertropicales de México, como los flujos de escombros de la Sierra de
Angangueo, Michoacan (Alcantara-Ayala et al., 2012), los flujos de escombros de la Reserva
de la Biosfera de la Mariposa Monarca, Michoacan (De la Pefia, 2023), los deslizamientos
de escombros en el Cafidn de Santa Rosa, Monterrey (Salinas et al., 2020), los deslizamientos
de la Sierra Norte, Puebla (Alcantara-Ayala, 2004) y la Malinche (Franco et al., 2019).

La descripcion detallada de la geomorfologia del evento de remocién en masa
permitio interpretar su evolucion y dindmica a escala de gran detalle, tal como ha sido
expresado por Griffths & Whitworh (2012) para otros sitios, quienes indican que el estudio
a detalle de los PRM mediante el uso de cartografia y trabajo de campo, representa una escala
adecuada que permite entender la complejidad de los PRM. Las unidades geomorfoldgicas
identificadas permitieron clasificar al PRM analizado como un proceso complejo, el cual al
ser descrito mediante el esquema base de Cruden & Varnes (1996), hizo posible identificar
gue es un proceso dinamico constituido por dos procesos simultdneos cuya inestabilidad de
las laderas generd un transporte rapido del material hacia las partes bajas coincidiendo con
el comportamiento descrito por Highland & Bobrowsky (2008) para los procesos de
remocion en masa complejos.
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Figura 11. Precipitacidn diaria durante la temporada de lluvias (Mayo a Octubre) registrado para el
estratovolcan Pico de Tancitaro durante el afio 2015. Esta figura fue realizada usando los datos de The
Climate Hazards Group InfraRed Precipitation with Stations-CHIRPS (Funk et al., 2014)

El analisis de la estructura del paisaje mostré que, ante un evento de remocion en
masa subito, se lleva a cabo la pérdida y la modificacion de las capas superficiales (suelo y
vegetacion) del paisaje, dejando suelos decapitados y removiendo grandes superficies
vegetativas, las cuales siguen un proceso de recuperacion posterior al evento. Esto coincide
con lo encontrado en otras investigaciones donde se ha reportado la modificacion de los
suelos y la revegetacion natural gradual de las zonas que presentaron procesos de remocién
en masa (Arunachalam et al., 2000; Stoffel & Bollschweiler, 2008; Nakileza & Tushabe,
2018; Walker & Shiels, 2013).

Los resultados encontrados con respecto a las rocas y las estructuras geoldgicas en la
zona de estudio indican que las zonas compuestas por rocas derivadas de derrames lavicos
(andesiticos) y de materiales piroclasticos (cenizas volcanicas) con presencia de fracturas,
son altamente susceptibles a presentar procesos de remocidn en masa subitos, esto coincide
con lo encontrado en otras zonas volcanicas como en la region de islas volcanicas de Azores
(Gomes et al., 2005), en la Reserva de la Biosfera de la Mariposa Monarca (Alcantara-Ayala
etal., 2012, De la Pefia, G.K.A. (2023), y en el estratovolcan Pico de Orizaba (Legorreta et al.,
2015).

En cuanto al comportamiento descrito por los Andosoles y otros suelos presentes en
la zona de estudio (Leptosol, Cambisol, Regosol) con caracteristicas andicas, se observo que
por su textura tienden a mantener la humedad una vez que son hidratados lo cual genera que
sean suelos con alto potencial para el desarrollo de procesos de remocién subitos. Estos
resultados son similares a los encontrados por Terribile et al. (2007) en la region volcanica
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de lItalia, en la region montafiosa de Kenia (Ngecu & Ichang'i, 1999) y en el Sistema
Volcéanico Transversal de México (Flores & Alcantara-Ayala, 2012).

Cabe resaltar, que un hallazgo importante de este trabajo, que no se ha reportado en
alguna investigacion, versa sobre la dinamica de los PRMC en zonas volcénicas. Este
consistio en entender el efecto del desarrollo de un PRMC sobre andosoles 6cricos (jovenes
y enterrados), el cual por su velocidad y magnitud genera la remocion del suelo superficial,
de su material parental y de los horizontes superficiales del suelo enterrado. Esta dindmica
puede generar condiciones adversas para la formacion de suelo y por lo tanto para el
establecimiento de la vegetacion, generando superficies que duran mas tiempo desprovistas
de vegetacion, aumentando asi su susceptibilidad a ser removidas nuevamente.

El comportamiento similar de la cronologia de referencia y la de arboles impactados
se debe a que durante un largo periodo de tiempo (1966 al 1996) los arboles utilizados para
generar las cronologias (referencia y de arboles impactados) estuvieron expuestos a las
mismas condiciones climaticas, estas condiciones fueron en un inicio mas humedas, teniendo
un descenso hacia el afio 1997, esto coincide con lo expuesto por Carlon-Allende et al. (2021)
en la cronologia de Pinus hartwegii realizada para el estratovolcdn Pico de Tancitaro.
También, hay coincidencia con lo encontrado en otras zonas montafiosas donde los afios por
arriba de la media (valor 1) se asocian a periodos de mayor humedad, permitiendo que los
arboles se encuentren en mejores condiciones para crecer y desarrollar un anillo mas ancho,
mientras que aquellos que estan por debajo de la media, puedan representar temporadas de
sequia (Carlon-Allende et al. 2021; Vazquez & Franco, 2022).

Sin embargo, el comportamiento diferente encontrado del afio 1997 al 2009 sugiere
que los arboles de la cronologia de referencia estuvieron sometidos a condiciones mas
extremas durante este periodo, mientras que los arboles que se encontraban en los alrededores
del ahora PRMC “La Culebra”, estuvieron expuestos a mejores condiciones ambientales
(mayor precipitacion y temperaturas templadas), provocando un mayor crecimiento de sus
anillos, este comportamiento climatico se explica y confirma con lo expuesto por Carlon-
Allende et al. (2021) en el estudio dendroclimético realizado en el estratovolcan Pico de
Tancitaro. Posteriormente, del 2010 al 2015 las cronologias tuvieron un comportamiento
similar indicando un aumento en el ancho de anillo, lo cual sugiere condiciones mas
himedas, asociadas a precipitaciones de invierno y primavera (Carlén-Allende et al., 2021),
resalta que en el afio 2015 el ancho de anillo presentd valores altos debido a los efectos del
huracén Patricia.

El afio 2016 fue un afio muy calido y seco; para la zona de estudio sélo se reporta una
precipitacion anual de entre 600 y 800 mm (SMN, 2016; Carlon-Allende et al., 2021), debido
a esto se mostrd una disminucion del ancho de anillo en la cronologia de referencia y en la
cronologia de arboles impactados. Sin embargo, la cronologia de arboles impactados mostro
una mayor supresion en el ancho de anillo, lo cual se debe al efecto del proceso de remocién
en masa complejo “La Culebra”. Cabe sefialar que el incremento del ancho de anillo en los
arboles en 2017 es una respuesta esperable ante la ausencia de competencia por la muerte de
arboles por el evento de 2016 (Stoffel et al., 2010; Stoffel & Bollschweiler, 2008). Este
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comportamiento indica que los arboles muestreados tuvieron una respuesta evidente
disminuyendo su tamafio y en los afios posteriores al evento (2017-2018) un gran
crecimiento, lo que puede deberse a la compensacion del arbol para sanar el impacto o a la
disminucion en la competencia con otros individuos arboreos que fueron removidos por el
evento; lo anterior coincide con el comportamiento de otras cronologias de eventos de
remocion en masa detonados por huracanes en zonas montafiosas de México como en la
Malinche (Franco et al., 2019), en la Sierra Norte de Puebla (Pablo et al., 2020), y en la
Reserva de la Biosfera de la Mariposa Monarca (De la Pefia et al., 2023).

Cabe resaltar que el menor valor reportado en la cronologia de arboles impactados
(an menor que el del 2015), refiere al afio 1994, lo cual sugiere que en el sitio pudo ocurrir
un evento de remocién en masa, que pudo se detonado por la depresién tropical Cinco
ocurrida del 29 al 31 de agosto, registrando de 60 a 125 mm de lluvia acumulada (SMN,
2024) en el estratovolcan Pico de Tancitaro, no obstante, en el inventario de procesos de
remocion en masa del volcan Pico de Tancitaro de Valdés et al. (2022) no se reporta alguna
cicatriz anterior a 1995 en la zona.

Los valores de intercorrelacion para las cronologias desarrolladas (referencia y de
arboles impactados) fueron cercanos a 0.5, clasificandolas como altos segun Franco et al.
(2018) en su estudio para las zonas montafiosas del centro de México; lo cual indica que las
cronologia de referencia construida con Pinus hartwegii y Abies religiosa (0.48), y la
cronologia de eventos construida con Abies religiosa (0.52), tienen gran confiabilidad para
el desarrollo de estudios dendrogeomorfoldgicos, esto coincide con lo encontrado por
Vazquez & Franco (2022), en su trabajo en el estratovolcan Pico de Orizaba (Pinus hartwegii
(0.5) y Abies religiosa (0.62)); y con lo encontrado por De la Pefia (2023) en la Reserva de
la Bidsfera de la Mariposa Monarca (Abies religiosa (0.42)).

El andlisis de las reacciones de los arboles muestreados mediante FHAES indica que
el Unico afio de registro del evento fue el 2016, estando presente en méas del 90 % de las series
dendrocronoldgicas, este comportamiento fue verificado a través del indice de Shroder, el
cual fue muy alto (96 %). Estos resultados sugieren que los arboles muestreados presentan
una sefial clara del evento desencadenado por el huracan Patricia en la madera temprana del
afio 2016. La aplicacion del indice de Shroder permitié constatar con certeza que los ductos
de resina traumaticos identificados en las muestras fueron provocados por el proceso de
remocion en masa del 2015 y descartar los eventos que fueron registrados por arboles que no
cumplieron con el umbral de certidumbre, por lo que al sélo ser valido el registro del 2016
no fue posible realizar el andlisis de frecuencia, pero si constatar el potencial de Abies
religiosa para el desarrollo de analisis dendrogeomorfologicos. Esta evidencia es respaldada
también por el inventario de procesos de remocion en masa en el estratovolcan Pico de
Tancitaro de Valdés et al. (2022), el cual muestra que en la zona de estudio no existen
cicatrices generadas por procesos de remocion en masa anteriores al evento del 2015.

Lo anterior comprueba el planteamiento de que los ductos de resina traumaticos son
las respuestas més comunes encontradas en Abies religiosa (Bollschweiler et al., 2007;
Vazquez & Franco, 2022; De la Pefia, 2023). Ademas de constatar su validez al ubicarse
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entre los rangos de certidumbre del indice de Shroder (10 % al 40 %) para evaluar procesos
de remocion en masa (Butler & Stoffel, 2013), los datos encontrados coinciden con lo hallado
en otras investigaciones realizadas en zonas montafiosas donde se consider0 un rango de
certidumbre del 30% (Corominas & Moya, 1999; Stefanini, 2004).

Los arboles mas longevos se ubicaron en la parte alta y media del proceso de remocion
en masa complejo, y los arboles méas jovenes en la parte baja, esto se debe a que en el area
donde ocurrio el evento se lleva a cabo manejo forestal sustentable y la zona baja o de
acumulacion al ser mas accesible representa un &rea con mayor potencial para ser
aprovechada. Este comportamiento también puede deberse a que la zona de estudio forma
parte del Area Natural Protegida “Area de Proteccion de Flora y Fauna Pico de Tancitaro”
que esta regulada por su plan de manejo; el plan permite que la comunidad indigena de Nuevo
San Juan Parangaricutiro realice manejo forestal sustentable (CONANP, 2014; Velazquez et
al., 2003). Es decir, se posibilita la extraccion de arboles con potencial maderable en zonas
accesibles, lo cual genera que los arboles con potencial forestal puedan ser aprovechados
dando como resultado que sélo algunos arboles longevos sobrevivan en zonas de mayor
accesibilidad.

El anélisis de magnitud mostro que el mayor nimero de impactos se presentd en la
parte media y baja del PRMC, y que el menor nimero se concentra en la parte alta. El alto y
ancho de las cicatrices muestra un comportamiento similar registrando los valores mas altos
en la parte media y baja del PRMC, y los bajos en la parte alta. El patron descrito corresponde
con el comportamiento natural de los procesos de remocion en masa complejos que se
constituyen de deslizamientos y flujos (Cruden & Varnes, 1996; Highland & Brobowsky
(2008), en los cuales los escombros resultantes de la zona de desprendimiento toman
velocidad avanzando y acumulandose en las zonas medias y bajas, generando mayor dafio a
la vegetacion aledafia que el causado en la zona de desprendimiento. Este comportamiento
coincide con lo encontrado en el estudio de lahares en el estratovolcan de Colima (Franco et
al., 2018), con el estudio de flujos de escombros en la Reserva de la Biosfera de la Mariposa
Monarca (De la Pefia et al., 2023); y difiere de los resultados encontrados en el estudio de
caida de rocas en el estratovolcan Cofre de Perote (Franco et al., 2017) y en la Sierra Norte
de Puebla (Pablo et al., 2020), donde los arboles con menos impactos se ubican en la zona
mas alejada al escarpe, esto puede ser debido a que se trataba de otro tipo el evento
geomorfoldgico (Cofre de Perote) o no fue tan intenso (Sierra Norte de Puebla).

El volumen calculado para el PRMC “La Culebra” y su velocidad de ocurrencia
considerada como extremadamente rapida a rapida (Valdés et al., 2022), indican que este
proceso es un evento que puede considerarse de alta peligrosidad, ya que modificd la
morfologia del relieve (laderas y valles), la cobertura natural (bosque mixto y de oyamel), y
afecto la vida silvestre que en ella vivia, coincidiendo con los efectos ambientales sefialados
por Highland y Bobrowsky (2008). Ademas, considerando su velocidad de ocurrencia puede
ser considerado como de alto riesgo, ya que la capacidad de respuesta de la poblacion ante
este evento seria nula, evitando su manejo (Hungr et al., 2014), causando afectaciones severas
a la infraestructura o asentamientos humanos ubicados en las superficies expuestas a su paso.
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El comportamiento anterior coincide con lo encontrado en otras investigaciones que midieron
el volumen de flujos de detritos en la Sierra de Angangueo (vol. 697,346 m®) (Alcéantara-
Avyala et al., 2012), y de deslizamientos en la Sierra de Guerrero (vol. 125,000 m?®)
(Alcantara-Ayala et al., 2017).

Los resultados encontrados a partir de la caracterizacion geomorfoldgica a detalle, la
descripcion de la estructura del paisaje, de las reacciones de los arboles y de la magnitud a
partir del anélisis dendrogeomorfolédgico pueden aportar a la evaluacion del peligro por PRM,
tal como se ha realizado en otras investigaciones de zonas montafiosas tales como la Sierra
Norte de Puebla (Pablo et al., 2020), el estratovolcan Pico de Orizaba (Vazquez & Franco,
2022), y la Reserva de la Biosfera de la Mariposa Monarca (De la Pefia et al., 2023).

Conclusiones

La descripcion de la estructura del paisaje (rocas, suelos y vegetacion) permitié caracterizar
con detalle los condicionantes del PRMC y entender la dindmica anterior y posterior a la
ocurrencia del evento, destacan los hallazgos encontrados en torno al comportamiento de
suelos volcanicos enterrados que son afectados por PRM en montafas intertropicales.

El analisis dendrogeomorfoldgico realizado con Abies religiosa conforme al modelo
“proceso, evento, respuesta”, permitié identificar que el PRMC, genero impactos en la base
de los tallos de los arboles, cuya respuesta fueron los ductos de resina traumaticos, lo cual
confirma el alto potencial de la especie para registrar diferentes tipos de eventos
geomorfoldgicos (deslizamientos, flujos y procesos de remocion en masa complejos) y por
lo tanto su potencial para el desarrollo de estudios dendrogeomorfoldgicos.

El afio 2016 fue donde se identificaron mas respuestas en el crecimiento de los anillos,
esto fue comprobado con 96% en el indice de Shroder, siendo el Unico afio por arriba del
umbral (30%). El andlisis de magnitud permitié interpretar que la zona de desprendimiento
se generaron menos impactos en los arboles en comparacién con la zona de acumulacion,
teniendo esta Gltima mayor potencial para el muestreo dendrogeomorfolégico, con lo que se
interpreta que las zonas con mas arboles impactados representan las areas de mayor
peligrosidad ante la ocurrencia de este tipo de PRM.

Finalmente, se resalta que esta investigacion respondié satisfactoriamente al objetivo
principal, que fue reconstruir espacio-temporalmente el PRMC “La Culebra”. Esto permitio
generar datos espaciales y temporales del evento, ademéas de sefialar la gran utilidad y
contribucion de estos estudios para el entendimiento de la evolucion y dinamica de los
procesos de remocion en masa complejos. Esto constituye un aporte fundamental para el
estudio del peligro por PRM principalmente donde existe escasez de registros, siendo la base
para el desarrollo de estudios sobre exposicién, vulnerabilidad y riesgo en el estratovolcan
Pico de Tancitaro. Aportando un estudio robusto que apoye la gestion integral del riesgo de
desastres ante procesos de remocion en masa en montafas intertropicales.
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Conclusiones Generales

Esta investigacion se desarroll6 con un enfoque geografico multiescalar, representando una
contribucién sustancial al estudio del peligro por PRM en las zonas intertropicales.

El andlisis realizado para la region de América Latina, permitio observar que durante las
Gltimas décadas se tiene un creciente interés por el estudio de estos peligros naturales, siendo México,
Brasil, Argentina, Colombia, Costa Rica y Chile los paises que méas han aportado a la investigacién
en este tema. Existe la necesidad de abordar temas como peligrosidad, inventarios, factores
condicionantes y detonantes, incrementando los aportes de la caracterizacion, analisis y evaluacion
de peligros, que permitan abordar etapas mas complejas como la vulnerabilidad y riesgo. En
consecuencia, es clave incrementar el financiamiento, el soporte de las investigaciones a largo plazo
y el fortalecimiento a los grupos de investigacion, asi como del desarrollo y adecuaciones
metodoldgicas que permitan la generacion y analisis de datos espacio-temporales indispensables para
el monitoreo y la evaluacion de los PRM vy el estudio de su peligrosidad. La revision realizada
representa la primera base de datos sobre peligro por PRM para América Latina, la cual sefiala los
avances recientes y las posibles areas de interés a considerar para el desarrollo de futuros estudios en
la zona.

El estudio de los PRM a escala semidetallada (1:50,000), en un ambiente de montafia
intertropical, como el estratovolcan Pico de Tancitaro, permitié identificar que mediante la
construccion de un inventario multitemporal de procesos de remocion en masa es posible comprender
la distribucion, la tipologia, la velocidad, la composicion, los factores condicionantes y los detonantes
de este tipo de procesos. El andlisis de los factores condicionantes permitié realizar una
caracterizacion detallada e identificar a los conos volcénicos, a las laderas y a los valles de rios,
cubiertos por andosoles y leptosoles, con pendientes mayores a 30°, cubiertos por oyamel y bosque
mixto, orientadas al sur, norte y este, como las categorias con mayor importancia relativa para el
desarrollo de estudios futuros de susceptibilidad. Las lluvias torrenciales se constituyen como su
principal factor detonante, lo cual es indispensable para el abordaje de la peligrosidad, vulnerabilidad
y riesgo de desastre en las montafas intertropicales del centro de México.

Al realizar el andlisis del evento de remocién en masa mas grande inventariado para el
estratovolcéan Pico de Tancitaro, a través de su descripcién geomorfolégica a escala de gran detalle
(1:500), la descripcidn de su estructura paisajistica, el analisis dendrogeomorfoldgico y el calculo de
su volumen, fue posible constatar que el proceso estudiado puede ser clasificado como complejo, ya
que estuvo conformado por un deslizamiento traslacional que representa la zona de aporte, que
evoluciond a un flujo de escombros que representa la zona de acumulacion.

El anélisis dendrocronolégico permitié identificar que la principal alteracion de crecimiento
identificada fue ductos de resina traumaticos, los cuales permitieron analizar con detalle el evento del
afio 2016, lo que se comprobd con el indice de Shroder con un umbral de 30%, confirmando que estas
respuestas fueron derivadas del evento de remocion en masa complejo. A partir del andlisis de
magnitud se identificé que la zona donde se concentra el mayor dafio causado por el evento, expresado
por el nimero, ancho y alto de las cicatrices, fue en la de acumulacion.

Finalmente se concluye que se dio respuesta satisfactoria a la pregunta de investigacion y al
objetivo general, ya que a partir de la revision bibliografica y de la aplicacion de las metodologias
antes mencionadas, fue posible generar informacion base para el abordaje tedrico del peligro por
procesos de remocion en masa en las zonas intertropicales. Ademés de contribuir con métodos de
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andlisis espacio-temporales multiescalar que resaltaron las ventajas del uso de modelos y
herramientas de andlisis dendrogeomorfoldgico y cartografico en la evaluacién de peligros. Los
modelos son (tiles para el desarrollo de estudios de peligrosidad mas robustos, abonando al mejor
abordaje de otras etapas dentro de la gestion del riesgo de desastres, contribuyendo a la generacion
de conocimiento aplicado al estudio de los procesos geomorfolégicos en zonas de montafia
intertropical.
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