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RESUMEN

Las enfermedades infecciosas emergentes son una de las mayores amenazas ambiental a
nivel global a la biodiversidad y salud humana. En los dltimos 40 afios, mas de 50
enfermedades infecciosas emergentes se han reportado alrededor del Mundo. La mayoria de
las enfermedades infecciosas son zoondticas originarias de la fauna silvestre. Se ha
sugerido que el incremento de las enfermedades infecciosas es el resultado de la alteracion
del paisaje y del cambio climético. Varios estudios han explorado estos factores a escalas
espaciales finas, sin embargo, es necesario analizar los patrones espaciales de las
enfermedades zoonéticas desde una vision macroregional. Debido a ello se analizaron tres
zoonosis de gran impacto en la salud publica en Norteamérica: enfermedad de Lyme, rabia
paralitica bovina y dengue cada una de ellas fue analizada desde sus respectivos hospederos
y vectores, casos clinicos y cambio climatico. La enfermedad de Lyme es de origen
bacteriano y se ha convertido en una de las enfermedades més frecuentes en los Estados
Unidos afectando a miles de personas anualmente. La garrapata (Ixodes sp.) es el principal
vector involucrado en la transmision de la enfermedad y entre sus principales hospederos se
encuentran los ratones y el venado cola blanca. Se analizaron los rasgos funcionales de los
mamiferos (masa corporal y gremio trofico) y la cobertura forestal para explicar la
probabilidad de riesgo de contraer la enfermedad de Lyme en los Estados Unidos. Nuestros
resultados sugieren que la probabilidad de riesgo de enfermedad de Lyme esta relacionada
con las areas geogréaficas donde ha disminuido los grandes depredadores y herbivoros.
Nuestro modelo predice que el 36% del area de los Estados Unidos tiene condiciones
ecoldgicas favorables para la aparicion de la enfermedad de Lyme, las areas mas
susceptibles se localizan a lo largo de las costas Oeste y Este de los EU. La rabia paralitica
bovina es una enfermedad viral que ha causado pérdida importante al sector ganadero en
Latinoamérica, siendo el principal transmisor el murciélago vampiro, Desmodus rotundus.
El objetivo fue describir la distribucion geogréafica distribucion actual y futura bajo
escenarios de cambio climatico de D. rotundus para México e identificar areas de riesgo
potencial de rabia. EI modelo analiz6 las ocurrencias del murciélago, casos confirmados de
rabia paralitica bovina, y la densidad de cabezas de ganado bovino. Nuestro resultados

mostraron que la temperatura ambiental fue la variable asociada con la distribucion



potencial actual de D. rotundus. Ante los escenarios del cambio climatico, se predice una
reduccién en el area de distribucion de D. rotundus del 20% a lo largo de las Planicies
Costeras del Atlantico y Pacifico y en la Peninsula de Yucatan, y un incremento en areas
que actualmente no son ocupadas por la especie en el norte y centro del pais. EI Dengue es
una enfermedad viral que impacta a 4,000 millones de personas anualmente en regiones
tropicales y subtropicales del mundo, el principal vector involucrado en su transmision es el
mosquito Aedes aegypti. La distribucidn geografica del mosquito se ha modificado debido a
las condiciones climaticas del planeta. Debido a ello, el objetivo fue determinar la
distribucion geogréafica de Ae. aegypti e identificar las principales areas de riesgo potencial
de dengue por efecto del cambio climético. Se realizaron modelos climéticos para predecir
la distribucién del vector en el presente y para el 2050 y 2070 en Norteamérica y norte de
Centroamérica. Actualmente, el 45% del area de estudio presenta las condiciones climaticas
para que esté presente el mosquito, la temperatura es la variable de mayor peso en los
modelos. Las regiones mas adecuadas para que el mosquito este presente es el sur de
Arizona y la costa de Texas, en EEUU, norte de Sonora, Tamaulipas, y Peninsula de
Yucatdn en Meéxico, Norte de Guatemala, Belice, centro de El Salvador y norte de
Honduras. Se predice con el cambio climéatico una reduccion del 40% (2050) y 35% (2070)
de la distribucién de Ae. aegypti en las regiones célidas y que se amplie su distribucion
hacia regiones septentrionales y su establecimiento estaria limitado en las regiones aridas.
A partir de los datos anteriores, cada una de las tres enfermedades se comporta de manera
particular. Sin embargo, se observa en general que las hospederos y vectores de afinidades
tropicales tenderdn a desplazarse a nuevas areas ahora no ocupadas por las especies.
Factores como la temperatura y la precipitacion tienen un papel clave en la distribucion
espacio-temporal y en la dindmica poblacional de los vectores y hospederos. Es importante
aclarar que los factores climaticos no son los Unicos operadores en la interaccion entre los
vectores y hospederos, factores como la urbanizacion y la deforestacion juegan un papel
clave y sinérgico que se puede verse a diferentes escalas espaciales. Debido a lo anterior, se
recomienda mantener un sistema puntual de vigilancia epidemiol6gico y desarrollar
acciones preventivas para mitigar el impacto de las enfermedades infecciosas en la salud

publica.



ABSTRACT

Emerging infectious diseases are one of the greatest global environmental threats to
biodiversity and human health. In the last 40 years, more than 50 emerging infectious
diseases have been reported around the world. Most infectious diseases are zoonotic and
originate from wildlife. It has been suggested that the increase in infectious diseases is the
result of a disturbed landscape and climate change. Several studies have explored these
factors at fine spatial scales. However, it is necessary to analyze the spatial patterns of
zoonotic diseases from a macro regional scale. Due to this, we analyzed three zoonoses
with a great impact on public health in North America: Lyme disease, rabies and dengue
virus, each of them was analyzed based on their respective hosts and vectors, clinical cases
and climatic conditions. Lyme disease is caused by a bacterial spirochete and has become
one of the most common diseases in the United States, affecting thousands of people
annually. The tick (Ixodes sp.) is the vector that transmits the disease and its main hosts are
mice and white-tailed deer, both abundant in human modified environments. Due to this,
we analyzed the functional traits of mammals (body mass and trophic-guild) and forest
cover to explain the likelihood of contracting Lyme disease in the United States. Our results
suggest that the likelihood of Lyme disease risk is related to geographic areas where large
predators and herbivores have declined. Our model predicts that 36% of the United States
has favorable ecological conditions for the onset of Lyme disease, the most susceptible
areas are located along the west and east coasts of the USA. Bovine paralytic rabies is a
viral disease that has caused significant loss of livestock in Latin America, being the
vampire bat, Desmodus rotundus. the main transmitter in tropical environments. The
objective was to describe the current and future geographic distribution of D. rotundus for
Mexico and to identify areas of potential risk of rabies. The model was based on the
analysis of bat occurrences, confirmed cases of rabies, and the National Cattle Census. Our
model demonstrated that temperature was the variable most associated with the current
potential distribution of D. rotundus than precipitation. Climate change scenarios predict a
reduction in the D. rotundus geographic distribution of 20% along the Atlantic and Pacific
Coastal Plains and in the Yucatan Peninsula, and an increase in areas currently not

occupied by vampire bat in the north and center of Mexico. Dengue is a viral disease that



impacts 4,000 million people annually in tropical and subtropical regions of the World, the
main vector involved in its transmission is the mosquito Aedes aegypti. The geographic
distribution of the mosquito has been modified due to the changing climatic conditions
around the world. Our objective was to determine the geographical distribution of Ae.
aegypti and to identify the main areas of potential dengue risk due to climate change in
North America and northern Central America. Climatic models were used to predict vector
distribution in the present and by 2050 and 2070 in North America and northern Central
America. Currently, 45% of the study area presents the climatic conditions for the presence
of the mosquito, temperature is the variable of greater weight in the models. The most
suitable regions for the mosquito to be present are southern Arizona and the Texas coast in
the USA, north of Sonora, Tamaulipas, and the Yucatan Peninsula in Mexico, northern
Guatemala, Belize, central El Salvador, and northern Honduras. A reduction of 40% (2050)
and 35% (2070) of the Ae. aegypti distribution is predicted in the warm regions and an
expansion of its distribution to northern regions and its establishment would be limited in
the arid regions. Our results show that each of the three diseases behaves in a different way.
However, it is generally observed that hosts and vectors from Tropical environments will
tend to move to new areas. Factors such as temperature and precipitation have a key role in
the spatio-temporal distribution and in the population dynamics of vectors and hosts. It is
important to clarify that climate factors are not the only operators in the interaction between
vectors and hosts, factors such as urbanization and deforestation play a key and synergistic
role that can be seen at different spatial scales. Due to the above, it is recommended to
maintain a timely system of epidemiological surveillance and to develop preventive actions
to mitigate the impact of infectious diseases on public health.
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ESTRUCTURA DE LA TESIS

La presente tesis doctoral estd estructurada en una introduccion general seguida de tres
capitulos, se parte del marco tedrico de que la distribucién de las especies sobre el planeta
no es uniforme, varia espacial y temporalmente (Gaston y Blackburn 2000, Pimm y Brown
2004). Numerosos estudios han tratado de explicar los patrones de distribucion de las
especies a través de un gradiente latitudinal, longitudinal y altitudinal a diferentes escalas
espaciales (Brown y Lomolino 1998, Gaston 2000). Sin embargo, el gradiente latitudinal ha
sido uno de los més estudiados en diferentes grupos taxonémicos marinos y terrestres
(Cardillo et al. 2005, Ceballos y Ehrlich 2006, Kaschner et al. 2011). Recientemente se ha
relacionado la presencia de enfermedades infecciosas de origen zoonotico a las regiones
con una mayor riqueza de mamiferos y aves silvestres, a través de la riqueza de patégenos
que estd fuertemente correlacionada con la riqueza de hospederos vertebrados, la cual se
incrementa hacia los tropicos (Cumming 2000, Dunn et al. 2010, Han et al. 2016, Nunn et
al. 2005, Rohde y Heap 1998). Sin embargo, Jones y colaboradores (2008) demostraron
que el patron latitudinal anteriormente expuesto no se mantiene para todas las
enfermedades infecciosas emergentes a nivel mundial, encontraron que la mayor
concentracion de enferemedades infeccisosas emergentes se presenta en latitudes
intermedias.

Bajo este supuesto, la tesis se desarrolla en tres capitulos. EI primero de ellos,
titulado Mammal functional diversity and land cover change degradation as predictors of
Lyme disease outbreaks in the United States, donde se estudi6 la relacion geografica de

los casos de la enfermedad de Lyme, riqueza de mamiferos, atributos funcionales de los
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mamiferos (gremios tréficos y masa corporal) y degradacion del ambiente a nivel
macroecologico para EU para determinar areas de riesgo potencial de contraer la
enfermedade de Lyme en EU.

En el segundo capitulo, titulado Geographic distribution of Desmodus rotundus in
Mexico under current and future climate change scenarios: Implications for bovine
paralytic rabies infection, se analiza la distribucion geografica del murciélago vampiro en
México, siendo este el principal transmisor de la rabia paralitica bovina y el efecto del
cambio climéatico bajo dos escenarios futuros sobre la distribucion geografica de esta
especie y su potencial impacto en el sector pecuario.

En un tercer capitulo, titulado Distribucion geografica de Aedes aegypti ante el
cambio climatico en Norteamérica y norte de Centroamerica: Implicaciones en la
dispersion del Dengue, se analiza la distribucion geografica del mosquito Ae. aegypti el
principal vector responsable de la transmision del virus del Dengue alrededor del Mundo y
en Latinoamérica. Se determind la distribucién del vector para Norteamérica bajo
escenarios de cambio climético presente y futuros (2050 y 2070) y se identificaron nuevas
areas potenciales de colonizacion y el riesgo en la salud publica.

Por ultimo, la tesis incluye una seccion de discusion y conclusiones generales que
conectan el contenido de todo el trabajo, resaltando los principales hallazgos y futuras

lineas de investigacién relacionadas con el tema.
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llNTRODUCCIC)N GENERAL

Uno de los mayores retos ambientales en el siglo XXI es la vigilancia, prevencion y
control de las enfermedades infecciosas emergentes y reemergentes que impactan a las
poblaciones de animales silvestres y a la salud publica (Daily y Ehrlich 1996, Sutherst
2004). Desde 1976, la Organizacion Mundial de la Salud ha registrado mas de 50
enfermedades infecciosas emergentes y reemergentes alrededor del Mundo (WHO 1996,
Jones et al. 2008). Las enfermedades infecciosas que involucran la interaccion con un
animal silvestre o doméstico y el hombre, donde puede intervenir una o mas especies de
vectores para mantener el ciclo de infeccion, se les denomina zoonosis (Suzan et al. 2000,
Keesing et al. 2006). Las zoonosis emergentes y reemergentes son enfermedades de
reciente determinacion o que habian aparecido anteriormente, pero actualmente se observa
un aumento en la incidencia y/o en su area de distribucion geografica (Daszak et al. 2000,
Aguirre et al. 2012). Ejemplos recientes incluyen la Influencia aviar del subtipo H5 en el
sudeste de Asia, viruela del simio en Estados Unidos, sindrome respiratorio agudo severo
(SARS) en Asia, virus Nipah en Malasia y Bangladesh, y encefalitis espongiforme bovina
(BSE) en Europa. Zoonosis bien conocidas como la rabia, brucelosis y leishmaniasis
contintan presentes en varios paises con una alta tasa de morbilidad y de gran mortalidad
potencial (WHO/FAO/OIE 2004, Heymann 2005). Se ha demostrado que la mayoria de las
zoonosis son de origen bacteriano (e.g. enfermedad de Lyme, Tuberculosis), seguido de las
virales (e.g. Ebola, fiebre del Oeste del Nilo, hantivirus) y parasitarias (e.g.
Criptosporidiosis, Ciclospora), ademas se evidencid la gran variedad de grupos
taxondmicos, especialmente de mamiferos silvestres, que actian como reservorios en el
ciclo de la infeccidn de estos patdgenos (Jones et al. 2008, Aguirre et al. 2012, Han et al.
2016).

Se ha sugerido que el incremento de las enfermedades infecciosas es el
resultado de la alteracién del ambiente epidemioldgico (Aguirre et al. 2002, Aguirre y
Tabor 2008). Entre los factores que pueden conducir a la aparicion de una zoonosis se

encuentran factores microbiologicos y ambientales asociados con el agente, el hospedero

13



reservorio y el humano. Estos factores pueden dar lugar a una nueva variante del
patdgeno, la cual puede dar un salto taxonémico e infectar a otras especies e invadir
nuevos ambientes (WHO/FAO/OIE 2004). Los cambios ambientales resultantes de la
degradacion del medio ambiente (Estrada-Pena 2009, Su et al. 2009, Suzéan et al. 2009,
Gomes et al. 2010), el aumento demografico humano (Smith et al. 2002, Jones et al. 2008,
Hay et al. 2009), la mayor tasa de contacto entre seres humanos, animales silvestres y
domésticos (Krause 1992, Cohen 1998, Fang 2008), incluyendo los patrones climéticos
(Yates et al. 2002, Fichet-Calvet y Rogers 2009, Gonzéalez et al. 2010); ademas de otros
factores sociales como los habitos alimentarios y creencias religiosas pueden fomentar la
aparicion de zoonosis (WHO/FAO/OIE 2004). Los anteriores factores de manera
individual o sinérgica influyen en la epidemiologia de varias zoonosis regulando la

sobreviviencia de las especies (Deen et al. 2001, Aguirre et al. 2012).

Desde el componente ambiental los factores bidticos y abidticos, asi como su
interaccion, pueden determinar la distribucién y abundancia de los organismos a través de
diferentes escalas espaciales (Rosenzweig 1995, Gaston 2000). Dentro de estos
determinantes, en especial la productividad, la depredacion, la competencia y el
parasitismo han sido reconocidos como los factores bidticos mas importantes que influyen
en la distribucion y presencia de las especies (Bascompte et al. 2006, VVan der Putten et al.
2010). Por su parte, dentro de los factores abioticos, la temperatura y precipitacion son, en
la mayoria de los casos, los principales factores identificados que determinan este atributo
de las especies (Tylianakis et al. 2008, Benton 2009).

Los patrones de precipitacion y temperatura se han modificado a causa del cambio
climatico global y con ello la composicion de las comunidades bioldgicas (Walther et al.
2002, Pascual et al. 2009). Las nuevas condiciones climaticas han favorecido la expansion
de las areas de distribucién de algunas especies, afectando de esa manera la biodiversidad
local y regional (Walther et al. 2009). Por ejemplo, la extincion de algunas especies de
aves en las islas de Hawai, fue provocada por la malaria, a través de la introduccion del
mosquito del género Anopheles (Van Riper et al. 1986). La gran dispersion que han tenido

las enfermedades infecciosas en los ultimos afos, es consecuencia de los cambios en los
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patrones geograficos y temporales de distribucion y abundancia tanto de los vectores como
de los reservorios (Suzan et al. 2000, Field et al. 2007, Aguirre y Tabor 2008, Han et al.
2016). Lo antes expuesto es explicado, por el hecho de que los vectores artropodos
hematofagos como los mosquitos, garrapatas y moscas son organismos ectotérmos y estan
sujetos a las fluctuaciones de temperatura para su desarrollo, reproduccion y dindmica
poblacional (Rogers y Randolph 2006, Gage et al. 2008).

Se ha observado que las condiciones climaticas afectan la manera de transmision de
enfermedades transmitidas por vectores/roedores: alterando la distribucion de las especies
vector y sus ciclos reproductivos, modificando la reproduccion de los patdgenos dentro del
vector y afectando la conducta y actividad humana (Casas y Carvallo 1995). Por ejemplo,
la malaria es considerada la enfermedad més importante en el Mundo que transmitida por
un vector; numerosos trabajos indican que el incremento de la malaria estd fuertemente
asociado con las altas temperaturas (Zhang et al. 2010). Utilizando un modelo climatico
Bryan y colaboradores (1996) predijeron que para el 2030, el area de distribucion potencial
del mosquito de la malaria (Anopheles farauti) en Australia, se incrementaria una distancia
de 800 km al sur de su limite. Ante esto, estudiar el impacto que tiene el cambio climético
global sobre las enfermedades infecciosas emergentes y reemergentes es de vital
importancia para la conservacion de la vida silvestres y la salud publica (Smith et al.
2002).

La habilidad de predecir la distribucién de especies basado en registros de
presencia puede permitir predecir la presencia y ausencia de especies en areas no
muestreadas previamente (Soberon y Peterson 2005, Peterson et al. 2011). Si tales
predicciones prueban ser robustas, es posible predecir la respuesta de las especies ante el
efecto del cambio climatico global (Pearson et al. 2002, Pearson y Dawson 2003), el
impacto potencial de la introduccion de especies exoticas sobre la fauna nativa puede ser
anticipado (Peterson y Vieglais 2001), y de la misma manera se podrian identificar areas

de riesgo para la aparicion de enfermedades zoonoéticas (Lotters 2009, Peterson 2014).
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Ante esta situacion, se han desarrollado modelos que pueden correlacionar
pardmetros bioticos y abidticos, asi como factores sociales con la ocurrencia de los
vectores y reservorios que participan en la transmision de las enfermedades como Chagas
(Peterson et al. 2002), Hantavirus (Sanchez-Cordero et al. 2005, Suzén et al. 2006),
Malaria (Hay et al. 2009), Leishmania (Gonzélez et al. 2010), Fiebre de Lassa (Fichet-
Calvet y Rogers 2009), Rabia (Gomes et al. 2010, Lee et al. 2012), Influencia aviar
(Peterson y Williams 2008), enfermedad de Lyme (llloildi et al. 2012), entre otras

enfermedades infecciosas.

Dichos modelos se construyen usando los requerimientos biotico y abioticos de las
especies, de ahi que las dinamicas que resultan de las interacciones individuales de una
especie y la distribucion de las condiciones ambientales relevantes dentro del area de una
especie son complejas. Se ha tratado de simplificar dicha relacién mediante el concepto de
nicho ecoldgico como el conjunto de condiciones ambientales en un espacio dentro del
cual una especie tiene una tasa de crecimiento mayor o igual a cero (Hutchinson 1957).
Diferentes técnicas de modelacién son comdnmente aplicadas para realizar modelos de
distribucion de especies usando diferentes tipos de datos: solamente presencias, Bioclim
(Nix 1986), y MaxEnt (Maximum Entropy modeling distribution, Phillips et al. 2006);
presencia y pseudoausencia, GARP (Genetic Algorithm for Rule-set Prediction, Stockwell
1999, Stockwell y Peters 1999), entre otros (Guisan y Thuiller 2005, Guisan y
Zimmermann 2000, Peterson et al. 2011).

Entender la dindmica espacial, los factores ecoldgicos y ambientales de una
enfermedad zoondtica son clave para poder predecir su aparicion o diseminacion hacia
nuevas areas geograficas (Smith et al. 2002, Peterson 2014). Los mapas de riesgo son
fundamentales durante la toma de decisiones al momento de disefiar un sistema de
vigilancia epidemioldgica o para enfocar medidas de control preventivo, asi como en caso
de epidemia (Hay y Snow 2006, Piesman y Eisen 2008). Es necesario determinar los
parametros ecologicos en Norteamérica que pueden estar influyendo en la aparicion y
diseminacion de brotes de enfermedades infeccisosas emergentes. Debido a ello, es

importante conocer el papel que tienen los vectores y hospederos en la transmision de
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enfermedades zoonoticas, asi como sus patrones de distribucion para saber como puede
verse modificada estas con el cambio climatico, con la finalidad de poder predecir la
distribucion futura de vectores y hospederos e identificar areas de riesgo potencial de
presentarse una enfermedad zoondtica y de esta manera poder implementar estrategias de
conservacion 'y un sistema de monitoreo epidemioldgico para Norteamérica y

Centroamérica.
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OBJETIVOS

Objetivo general

Evaluar el efecto de la temperatura y precipitacion en el patrén de distribucion de tres

enfermedades zoondticas en Norteamérica y Centroamérica.

Objetivos especificos

. Analizar la relacion de la temperatura y precipitacion en el patrén de distribucién de

tres zoonosis en Norteamérica y Centroamérica.

. Identificar las areas de riesgo potenciales de presentarse una enfermedad zoondtica

bajo escenarios de cambio climatico en Norteamérica y Centroamerica.
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Abstract

Lyme disease has become one of the most serious diseases in the United States, and
likely other countries, affecting thousands of people every year. Ticks transmit the disease
and its prevalence has been related to mammal tick hosts such as white-tailed deer and deer
mice, which are abundant in degraded landscapes. However, the geography of the
relationship between Lyme disease and mammal species richness and land degradation is
not known. We tested different combinations of functional traits of mammals and types of
land degradation to explain at a county level the variation, in the probability of humans
contracting Lyme disease in the United States. In our analysis, we classified the 396 species
of land mammals in the U.S. according to two ecological traits (body mass and trophic
guild) and land cover surface (forested and non-forested) and used data from the Center for
Disease Control and Prevention for the number of Lyme disease cases. Our results suggest
that probability of Lyme disease risk may be related to biodiversity loss (e.g., predators and
large herbivores) and the increased interactions between humans, domestic animals and
wildlife. Our model predicts a broad geographic distribution of Lyme disease in United
States with the highest probabilities of risk of occurrence along the West and East Coasts
and medium and low probability in the central portions of the country. Thirty-six percent of
the area of the United States has ecological conditions favorable to the occurrence of Lyme
disease, and the likelihood of future outbreaks of the disease in large areas of the country

will present a serious challenge to wildlife and public health in the coming decades.

Keywords: tick-borne disease, Borrelia burgdorferi, Ixodes, Peromyscus, Odocoileus.
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Introduction

Emerging infectious diseases impact the human health, domestic animals and
wildlife populations and cause significant economic losses (Morens et al., 2004; Ostfeld
and Keesing, 2000). Many infectious diseases have increased in incidence or severity in
recent decades, frequently resulting from changes in the ecological interactions among a
pathogen, its hosts, and the environment in which they co-occur (Daszak, 2000; Frick et al.,
2010). The majority of infectious diseases in humans are zoonotic (60%), transmitted to
humans from animals, and roughly 70% originated in wildlife populations (Jones et al.,
2008; Taylor et al., 2001). The emergence of zoonotic infectious diseases is primarily
associated with human-caused changes to the landscape (Guernier et al., 2004), especially
the suburbanization of areas which have fostered new interactions between humans and
wildlife (Daily and Ehrlich, 1996; Daszak, 2000). Human vulnerability to novel pathogens
Is strongly influenced by land conversion, wildlife trade, climate change, human population
growth, and other environmental factors (Morens et al., 2004; Patz et al., 2004). These new
conditions are changing the epidemiological patterns of human infectious diseases, creating
opportunities for disease agents to adapt to new hosts and therefore affecting their rate and
degree to which they expand their geographic distribution (Guernier et al., 2004; Jones et
al., 2013). Lyme disease is the most prevalent vector-borne zoonotic disease in North
America. It is caused by the bacterium Borrelia burgdorferi and is transmitted to humans
by ticks (Ixodes spp.) (CDC, 2012; Ostfeld and Keesing, 2000). Lyme disease was
recognized in the United States in 1975 after an unusual outbreak of arthritis near Lyme

County, Connecticut. Since then, there has been a rapid increase in the number of cases.
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More than 30,000 cases of Lyme disease are recorded annually in the United States (CDC,
2012), and it is estimated that globally it affects between 240,000 and 440,000 persons per
year (Hinckley et al., 2014). In Canada, there is an increased risk of contracting Lyme
disease because of the expanded distribution range of the blacklegged tick (I. scapularis)
linked to global environmental changes (Dphil et al., 2009; Ogden et al., 2006) and the
white-footed mouse (Peromuscus leucopus) which is predicted to increase its distribution
around 300 km north of Quebec City (Roy-Dufresne et al., 2013) because of more
favorable winter conditions. The risk of Lyme disease in other North American countries is
unknown; some studies suggest Lyme disease may be present in some northeastern states of
Mexico (Gordillo-Pérez et al., 2007; Gordillo-pérez et al., 2003) because of the favorable
environmental conditions along the Texas-Mexico transboundary region (Feria-Arroyo et

al., 2014).

Understanding the dynamics of an infectious disease, including the relationship
among hosts, vectors, parasite transmission and environmental determinants is fundamental
to implementing management and control strategies (Feria-Arroyo et al., 2014; Jones et al.,
2008; Ostfeld and Keesing, 2011). Lyme disease is transmitted through the bite of infected
blacklegged ticks, I. scapularis in the northeastern, mid-Atlantic, and north-central United
States (U.S) and the western species (Ixodes pacificus) along the Pacific Coast (CDC,
2012), both of which live in and around wooded areas. Ticks have four stages in their life
cycle, egg, larva, nymph and adult, and newly hatched larvae seek small mammals, such as

rodents, shrews, and squirrels as the first host. They become infected when they feed on the
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rodent reservoir hosts of B. burgdorferi (LoGiudice et al., 2003; Ostfeld et al., 2002), and
the white-footed mouse (Peromyscus leucopus) and North American Deer mouse
(Peromyscus maniculatus) are primary reservoirs. Infected nymphs transmit B. burgdorferi
to other rodents and mammals including humans. In the adult stage, white-tailed deer
(Odocoileus virginianus) is the primary reproductive host for I. scapularis and mule deer

(O. hemionus) for I. pacificus (Franke et al., 2013; Killilea et al., 2008).

Assessing the relationships between ecological systems and functional traits in
studies of emerging infectious diseases has garnered more attention and urgency in recent
years (Keesing et al., 2010). Functional diversity is a measure of species distribution in a
multidimensional niche space defined by functional traits (Franke et al., 2013; Keesing et
al., 2010; Tilman, 2001). A critical component of biodiversity (Tilman, 2001) and therefore
a determinant of ecosystem function, functional diversity influences ecosystem resilience
(Tilman et al., 1997) such as the capacity to resist diseases (Keesing et al., 2010; Ostfeld
and Keesing, 2000). In many cases, loss of biodiversity and the erosion of ecosystem
function increase the prevalence of infectious diseases (Keesing et al., 2010; Suzan et al.,
2008). A contradictory view suggests that the relationship between biodiversity and disease
risk is a local event that depends on the idiosyncrasies of pathogen, host and vector, rather
than species biodiversity (Salkeld et al., 2013). The relationship observed between
biodiversity and prevalence of infectious diseases could show both a negative and positive
correlation, depending on geographic scale and ecological context (Suzén et al., 2015;

Wood and Lafferty, 2013).
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In this paper, we analyzed the relationship of Lyme disease cases as a function of
natural land-cover, the diversity of mammal traits, and the coincidence with predicted
host/vector distribution in the U.S. The following questions were addressed: i) What is the
relationship between the incidence of Lyme disease in humans and the diversity of mammal
traits, and natural land-cover at the regional (e.g. county) scale?; ii) Are there spatial
patterns of risk of Lyme disease in humans at the county level in the U.S? iii) Does the
increased risk of Lyme disease coincide with the distribution of known hosts, reservoirs and
vectors?; and iv) What can a predictive model of Lyme disease reveal about future

outbreaks including those regions that currently have no records of the disease?

Methods

In order to address the questions about the relationship between Lyme disease and
environmental and ecological factors, our research efforts used data on the incidence of the
disease and other known and suspected factors to develop a predictive risk model of the
occurrence and potential spread of the disease. Our initial objective was to assess if the
richness of multiple mammal traits (functional traits) are related to the incidence of Lyme
disease cases in humans. We used data on the confirmed Lyme disease cases reported at the
county level for the period 1993 - 2014 and provided by the Centers for Disease Control
and Prevention (CDC). County level data is useful for multiscale pattern analyzes
(MacNally et al., 2002; Olson and Dinerstein, 1998; Suzéan et al., 2015; Wood and Lafferty,
2013); when used as a proxy of spatial, ecological, and social regionalization it is superior
to data at smaller scale scales, and it has been shown to be highly correlated with species

assemblages and communities. Additionally, health surveillance programs are undertaken
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at this scale. We then extrapolated the observed relationship between functional traits and
Lyme disease incidence to all counties in the U.S. to estimate risk probability. Finally, we
assessed if this predicted risk coincided with the most current number of disease outbreaks
and with the distribution of the five mammal species associated with the disease life-cycle.
We also analyzed the relationship between Lyme disease cases and natural land cover at the
same spatial scale. Details on data sources and analyzes are presented below.
Human Cases of Lyme disease

Our data on Lyme disease consists of two independent CDC datasets, each recorded
at county level and verified by state and local health departments (CDC, 2012), The first
reflected the incidence of the disease from 1992 to 2011 (n= 2,224)

(http://www.cdc.gov/lyme/stats/index

tml) and the second represented the period 2012 to 2014 (n= 128) from CDC and

ProMED-mail (http://www.promedmail.org).

Mammal species distribution and traits

Identification of the current distribution range of North American mammals is
central to our analysis. We compiled distribution polygons for the 396 species of terrestrial
mammals documented in the U.S. based on the IUCN Global Mammal Assessment
(available through the ITUCN web-based platform) (IUCN, 2011). We classified each
species according to two main traits, body size and guild realm. Body size is log
transformed and classified as small, medium or large, and the three guild realms included
carnivores, herbivores, and omnivores (Boot et al., 2011; IUCN, 2011). We selected these

traits because they are good proxies of habitat, niche, and resource use for mammals
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(Davidson et al., 2009), have been used previously for assessing mammal functional
diversity, and they can be directly linked to the life-cycle of the disease (Boot et al., 2011,

IUCN, 2011; Jones et al., 2009).
Land cover and demographic estimates

In order to evaluate the contribution of degraded land to Lyme disease outbreaks in
the U.S., we identified land use cover and estimated the amount of forested area at a 300 m
resolution from data obtained by GlobCover 2009 (Bontemps et al., 2011). In order to
exclude the potential influence of demographic variables and the effects of area, we used

2013 U.S. Census Bureau data (http://www.census.qgov/popest/data/datasets.html) to

estimate human population density at the county level for the entire U.S.
Statistical analyses

We initially constructed generalized linear models with a log-link function to
examine how variations in features of each county influence the probability of Lyme
disease outbreaks; the models incorporated human population density, county size, land
cover type, and mammal trait diversity. All models included human population density and
county size because we did not assume the number of Lyme disease cases was related to
these variables.

We first determined if pair-wise combinations of variables exhibited
multicollinearity (r >0.70 (Libal et al., 2011)) and retained those variables considered most
ecologically relevant. Binomial logistic regression models were used to evaluate the
influence of the variables on the probability of the occurrence of Lyme disease outbreaks

(Imam and Kushwaha, 2013). We ran all combinations of model parameters without
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interaction terms and used Akaike Information Criterion with a small sample adjustment
(AICc) to compare performance among models (Burnham and Anderson, 1998). Models
within 2 AAICc of the best-supported models were considered equally supported. Finally,
we used model averaging and examined coefficients against the 95% confidence intervals
for interpretation of important group and covariate effects if intervals excluded 0 (Imam
and Kushwaha, 2013; Libal et al., 2011). We then calculated a value for each county using
the best supported model parameters and the variables attribute data, standardize all model
values, and scaled the values from 0 to 100. Areas with values close to 100 have a higher
probability of Lyme disease outbreaks based on the influence of the selected variables. A
higher likelihood of Lyme disease outbreaks occurs where the values of selected variables
are more important according to the odd ratios estimated by the best selected model. We
extrapolated the model to the entire country and assigned a probability value for each
county. In order to assess the predictive performance of the model we compared the model
with an independent data set of Lyme cases (2012 to 2014); this step allowed us to
determine the performance of the model based on its ability to predict the single locality

that is excluded from the independent dataset (Guisan and Thuiller, 2005a).

Hosts and vectors predicted potential distribution and coincidence with

estimated risk

In order to assess the coincidence of estimated distribution of main host/vector
species, we used a niche modeling approach based on presence-only records and
environmental variables/ determinants as inputs employing a maximum entropy analysis

(Maxent software 3.3.3k) (Phillips et al., 2006). Maxent models are based on the
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assessment of the relative importance of environmental variables or determinants over
presence records and the identification of available environmental space where a species
potentially could occur (Elith et al., 2011; Phillips and Dudik, 2008). We constructed
ecological niche models for each host and vector by dividing the total number of species
records into two sets, a training data set consisting of 80% of the total data records and a
test set consisting of 20% of the records. The records were randomly assigned to the data
sets. The Area Under the Curve (AUC) of Receiver Operating Characteristic plots (ROC)
was calculated to evaluate the models (Arnold, 2010; Phillips et al., 2006). The AUC is
equivalent to the probability that test records are correctly chosen from random points in
the background study area (Elith et al., 2011; Phillips and Dudik, 2008). An AUC =1
indicated a perfect prediction and AUC = 0.5 is a prediction no better than random (Guisan
and Thuiller, 2005b).

Finally, all ecological niche models were transformed to a binary representation
using a 10% omission error threshold to the Maxent outputs. On those binary maps which
showed an overlap with the Lyme disease outbreaks probabilities, the species associated
with those areas and which had the highest significant probabilities were identified. In order
to assess significant differences in probabilities according to host/vector distributions, non-
parametric Kruskal-Wallis tests were used among probabilities within species” ranges after
testing for data normality (Shapiro-Wilks test). Simple linear regression models were used
to test if vector/host presence explained variation in risk values among counties in the U.S.
All geographic analyses were performed with ArcGIS 10.2 (ESRI, Redlands, California,
U.S) and statistical analyses using Infostat and R platform [R Development Core Team,

2011].
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Results

Lyme disease cases in United States

We examined the spatial geography of the number of cases and rates of change of
Lyme disease among four, 5-year intervals (1992 to 2011). During this period, more than
369,000 confirmed cases were reported by CDC; the number of cases reported cases
increased 220% between the four-year periods of 1992-1996 and 2007-2011. As we
expected, the distribution of cases was uneven; the ten counties with the highest number of
cases (> 5,400) included Dutchess (NY), Fairfield (CT), Westchester (NY), New London
(CT), Suffolk (NY), Bucks (PA), Morris (NJ), Montgomery (PA), Litchfield (CT), and
Middlesex (MA). The ecoregions with the highest number of Lyme disease cases reported
were the Northeastern Coastal Forest, Atlantic Coastal Forest, Appalachian-Blue Ridge

Forest, and the Allegheny Highland Forests.
Lyme disease influencing factors

We found a significant association at the county level between the occurrence of
Lyme disease cases environmental and mammal functional traits. Specifically, the
incidence of Lyme disease appeared to be lower in areas that had a higher percentage of
natural land cover, carnivore species (feeding guild) and large mammals (body size) (see
Table 1). The best models included only natural land cover (AICc = -1890.92), followed by
the models containing only large numbers of carnivore species (AICc = -1889.55), large
mammals (AICc = -1889.56) and carnivores and large mammals (AICc = -1889.51). All
remaining models contained AAICc > 2 of the best supported model. The model does not

account for 100% of the behavior of the data, but it indicates the amplitude of the
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likelihood of increased Lyme disease risk in a given county. For example, the probability of
occurrence of an outbreak decreased 2.68 times in counties with a higher number of
carnivore species, and 2.95 times in areas dominated by large species.

<Insert Table 1>
Hosts and vectors predicted potential distribution

The Lyme disease risk model predictions are significantly better than random
expectation. We extrapolated our model results to the entire U.S. to determine at the county
level a percentage risk factor of Lyme disease occurrence (Fig. 1). The results showed that
out of 2,221 counties in the U.S with reports of human cases of Lyme disease, 1,766, or
80%, occurred in high disease risk areas and only 7% in low risk counties. The highest risk
counties were in Arizona, California, ldaho and Oregon. According to the pattern observed
at the county level, the results indicate a higher probability of cases in eastern region of the
United States as compared to western region, but there was an elevated risk in selected
areas in the west coast. We overlapped the counties without Lyme disease cases as reported
by CDC and assigned the potential risk according to our model. We found 217 counties
with more than 60% probability of increased risk of Lyme disease, and of this subgroup,
only 15 counties showed more than 75% probability of increased risk. These counties were
in Arizona (e.g., Apache and La Paz), Idaho (e.g., Jefferson) and New Mexico (e.g.,
Catron). The main areas with high probability of increased Lyme disease risk are located in
the far eastern region of the U.S including the northeastern coastal forest, middle Atlantic
coastal forest, Appalachian-Blue Ridge forests, and the Allegheny Highlands forests, and

the California chaparral and woodlands in the western regions of the country. It is
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important to note that records for Lyme disease cases documented for Canada and Mexico
fit directly with the border zones identified with our model (Fig. 1).

<Insert Figure 1>
Validation

The final model was validated using the second data set obtained from the CDC and
ProMED-mail. Counties that fell within the Lyme disease risk model (i.e., had a value >
0.40) were labeled “presence predicted” and those that occurred outside of model (i.e., had
a value < 0.40) were labeled “absence predicted” (Fig. 1). When comparing the numbers of
counties that fell within each category, the model correctly predicted presence (n = 108)
and absence (n = 20) in 128 counties (X2 = 60.5, p < 0.05).

Hosts and vectors predicted potential distribution

Models of the potential distribution of Ixodes scapularis, I. pacificus, Peromyscus
leucopus, P. maniculatus, Odocoileus virginianus and O. hemionus were generated for U.S.
The AUC performance scores for all models ranged from good to excellent (AU Ctraining:
0.96, 0.99, 0.85, 0.72, 0.92 and 0.94, respectively; Fig. 2). The climatic and environmental
variables we used in the vector and host distribution models were annual mean temperature,
isothermality, mean temperature of driest quarter, precipitation of warmest quarter, and
elevation.

Environmental conditions in some eastern (e.g., North Carolina, Florida, New
Jersey) and Gulf Coast (e.g., Louisiana, Texas; Fig. 2A) states are suitable for I. scapularis,
and the range of P. leucopus in the eastern states overlaps that of this tick species.

Additionally, the distribution of O. virginianus, another potential tick host,
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includes all of the eastern areas in the USA (Fig. 2E). Areas of high probability of disease
presence include Connecticut, Massachusetts, New York, Pennsylvania, New Jersey, and
Delaware (Fig. 2C). In contrast, I. pacificus is localized mostly along California (Fig. 2B).
Our ENM predicted most of western and central United States to have environmental
conditions suitable for P. maculatus (Fig. 2B). Finally, areas of California, Colorado and
New Mexico have conditions suitable for O. hemionus (Fig. 2F).

<Insert Figure 2>

Coincidence between predicted probabilities and estimated vector/hosts

distribution

We found significant differences in the probability of increased incidence of the
disease among the different vector/host species we identified (H=779.28, p<0.0001).
Geographically, the lowest probabilities occurred in areas that did not support or lacked any
of the known vector/host species. In contrast, the highest probability values were occurred
in areas that had the combined presence of I. scapularius, O. hemionus and P. maniculatus
and lower values in areas with combined presence of O. virginianus, P. leucopus and P.
maniculatus. The presence of O. hemionus is the most important variable for explaining the
increase in risk of outbreaks, followed by presence of P. maniculatus and P. leucopus, and
the combined three factors accounted for at least 20% of the variation of risk probabilities
across the U.S. (Table 2).

<|Insert Table 2>
Discussion

We demonstrated that mammal functional diversity and land cover change may be

used as indicators to identify areas where there is a probability of increased incidence of
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Lyme disease cases in humans in the U.S. We analyzed the prevalence of the disease in the
U.S at the county level for the period 1992 - 2014. The highest prevalence of reported cases
of Lyme disease were located primarily in the Northeastern Coastal Forest, Middle Atlantic
Coastal Forest, and the Appalachian-Blue Ridge Forests in the eastern portion of the
country and in the Mediterranean, chaparral and woodlands ecoregions in the west coast.
These regions coincide with the distribution ranges of vectors (l. scapularis and I.
pacificus), and hosts species (P. leucopus, P. maniculatus, O. virginianus, and O.
hemionus, Fig. 2) of Lyme disease cycle. The areas identified in our model with a moderate
and high probability of risk are similar to geographic distribution of Lyme cases reported
by CDC in the U.S. (http://www.cdc.gov/lyme/stat/index.html).

Other studies conducted at fine spatial scales have demonstrated that Lyme disease
has a positive association with high abundance of ticks and rodents and secondary
succession of forests (Eisen et al., 2006; Keesing et al., 2009; Roy-Dufresne et al., 2013;
Salkeld et al., 2015). The variables used in our models were consistent with those found in
habitat and known to be associated with the Lyme disease cycle. Including richness of
small mammals, presence of medium-sized carnivores (e.g., mesocarnivores), and late
succession forest such as those that adjacent to suburban areas (Jones et al., 2009; Levi et
al., 2012; LoGiudice et al., 2003; Ostfeld et al., 2006; Way and White, 2013). In contrast,
there appears to be a negative association between the presence of Lyme disease and
natural land cover conditions such as woodlands forests and the presence of large
carnivores, characteristics of relative isolation from urban areas (Way and White, 2013;
Werden et al., 2014). There is a low probability of the occurrence of Lyme disease in
counties with good conservation status. Following episodes of moderate perturbation, the

abundance and density of small generalist mammals and herbivores increase, especially in
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the absence of large carnivores (Levi et al., 2012; Werden et al., 2014). Additionally, there
is an increasing trend in the populations of small to medium-sized carnivores
(mesopredators, e.g., foxes) in a human-modified landscape (Prugh et al., 2009; Way and
White, 2013). In contrast, specialists and large carnivores are particularly susceptible to
local extinctions in the short term resulting from environmental changes (Crooks et al.,
2011). Over the course of the last two decades there has been a noticeable increase in the
number of Lyme disease cases in humans residing in neighborhoods surrounded by forests
in which the mammal assemblage and composition have changed significantly due to
disturbance pressures. Our results suggest that the quality of the local environment is a
major determinant for enzootic B. burgdorferi transmission by ticks because of the vector-
host interactions (Eisen et al., 2010). The increased exposure to wild and domestic (e.qg.,
dogs) animals resulting from land use changes, especially in suburban areas, puts the
human population at greater risk of contracting Lyme disease (Ogden et al., 2013; Wang et
al., 2014).

The relationship between the number of small mammals and risk could be explained
by the generalist host-parasite relationship shown by Ixodes spp. While P. leucopus and P.
maniculatus have been reported as host species for the ticks (Urbanek and Nielsen, 2013), it
is expected that more species can be added to the host list. The decrease in number of
herbivore species (dominated by white-tailed deer in suburban areas) can also explain the
potentially higher abundance of the main host for ticks during their adult instar stage
(Urbanek and Nielsen, 2013). According to our model, it is possible that O. hemionus and
P. maniculatus play a more important role in the transmission of Lyme disease [Westrom et

al. 1985] than O. virginiana and P. leucopus. However, all vectors and reservoir hosts are
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key in the Lyme disease cycle in the western and eastern regions of the U.S. (Killilea et al.,
2008).

It is important to highlight that the decrease in omnivores can play a significant role.
This suggests that when small (i.e., raccoons, opossums) and other mesoomnivores (i.e.,
coyotes) increase, the predation on tick carrying species tends to increase, and thereby
reducing the potential infection to humans (Keesing et al., 2009; Levi et al., 2012). The
distribution of both tick species shows a high correlation with the disease risk model for
most areas in the U.S. Additionally, the inverse relationship between forest cover and
incidence of disease shown at the county level is probably related to conditions of the local
landscape. The most disturbed sites probably have a large abundance of deer, and the loss
of large predators in fragmented ecosystems has resulted in large rodent populations (Patz
et al., 2004). These conditions provide a very favorable host-habitat environment for ticks
which increases the potential for human infections (Keesing et al., 2009; Levi et al., 2012;
Steere, 1994). Evidence suggests that the most disturbed areas, correlated to human
population, environmental change, and agricultural intensification can exacerbate the
infection and disease cases caused by generalist parasites (Johnson et al., 2010; Jones et al.,
2013). This evidence coincides with our results which matches the cases reported for
Canada and Mexico (Feria-Arroyo et al., 2014; Illoldi-Rangel et al., 2012; Johnson et al.,
2010; Roy-Dufresne et al., 2013; Steere, 1994) and indicates a continuity between the high
and medium risk areas with those countries where environmental and species traits are
similar. This model may help the development of prevention and control programs for the
Lyme disease in North America, specifically in more critical areas accompanied by
monitoring and surveillance programs. In the last decade, the warmer conditions recorded

in the western and eastern coast of the United States appear to be a driving factor in the
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Lyme disease emergence and increasing the force of enzootic transmission of B.
burgdorferi (Eisen et al., 2015).

This study is the first to provide a macroecological analysis of the diversity of
mammal functional traits and land cover change as predictors of risk areas of Lyme disease
in U. S. While these variables do not account for all factors involved in the epidemiology of
the disease, our study highlights the importance of the ecology and environmental
conditions to the presence or absence of the disease. At a regional scale, the occurrence of
Lyme disease and richness of mammal functional diversity is a complex relationship.
Previous models, operating at finer scales, attributed disease likelihood to biodiversity and
anthropogenic characteristics of the environment rather than climatic variables because of
their broad spatial autocorrelation structure (LoGiudice et al., 2003; Ostfeld and Keesing,
2000; Salkeld et al., 2015). Our results contend that community composition may be more
important to an understanding of the epidemiology of the Lyme disease than standard
measures of biodiversity such as species richness (Werden et al., 2014). This is particularly
of great important for understanding Lyme disease occurrence in human-dominated
landscapes and mostly under the influence of global environmental change. Human health
and the future of biodiversity depends largely on the conservation of landscapes and
maintenance of healthy ecosystems especially in terms of disturbance, resilience and
functionality.

In summary, out findings demonstrate the importance of assessing the relationships
between mammal assemblages and land cover change as predictors of Lyme disease cases
in North America at a regional scale. One of the key instruments we developed is a risk
map of the probability of Lyme disease occurrence. On conceptual level beyond the

transmission of Lyme disease, this map can also be used to better understand the role of
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vectors and hosts and the linkage between infectious diseases and human activities that
jeopardize the biodiversity of a region. Our work highlights the critical role of mammals,
particularly carnivores, in providing important ecosystem services and identifies geographic
areas, at multiple scales, that should be monitored better in the future to protect these

services.
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Figure Legends

Figure 1. Lyme disease cases risk distribution across the United States.

Figure 2. Current potential suitable habitats for vectors and hosts: A) blacklegged tick
Ixodes scapularis and B) Western blacklegged tick Ixodes pacificus; and hosts: C) white-
footed mouse Peromyscus leucopus, D) deer mouse Peromyscus maniculatus, E) white—

tailed deer Odocoileus virginianus, and F) mule deer Odocoileus hemionus.
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Table 1. Averaged parameter estimates of the model used to predict the increase in the

probability of Lyme disease outbreaks in the US.

95% confidence interval

Parameter Estimate Standard error

Lower Upper
Natural landcover -2.45 0.04 -2.65 -2.26
Carnivore species (guild) -2.68 0.27 -4.62 -1.59
Large species (size) -2.95 0.1 -3.03 -2.06
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Table 2. Selected linear regression model of predicted probability of Lyme disease

outbreaks in the US based on the presence of host and vector species (R?= 0.20).

Parameter Estimate Standard error T p
Const. 59.29 0.30 196.56
Odocoileus hemionus 8.42 0.57 14.74 <0.0001
Peromyscus maniculatus -5.84 0.34 16.94 <0.0001
Peromyscus leucopus -4.52 0.35 12.87 <0.0001
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Abstract

The assessment of spatial patterns of emerging and reemerging zoonoses reservoirs
resulting from climate change is essential to the development of strategies for prevention
and adaptation. The vampire bat (Desmodus rotundus) is the most important reservoir of
bovine paralytic rabies in tropical countries, and in Mexico, the cattle industry loses more
than $ 2.6 million US dollar, annually to this infectious disease. The objective of our study
was to predict changes in the distribution pattern of D. rotundus due to future climate
change scenarios and the likely effect that this change in distribution will have on paralytic
rabies infections in Mexico. We used the correlative maximum entropy based model
algorithm to assess the potential distribution of D. rotundus. Consistent with the literature,
our results show that temperature is the variable most highly associated with the current
distribution of vampire bats. The highest concentration of bovine rabies was in Central and
Southeastern Mexico, regions that also have high cattle population densities. Our climatic
envelope models predicted that by 2050 - 2070, D. rotundus will lose 20 % of its current
distribution while the northern and central of regions of Mexico will become suitable
habitats for D. rotundus. The results of our analysis provide an advanced notice of the
likely change in spatial patterns of D. rotundus and bovine paralytic rabies. Thus, the
present study serves as an important tool for strengthening the National Epidemiological
Surveillance System and Monitoring programmes, and for establishing holistic, long-term
strategies to control this disease in Mexico.

Key words: Vampire bat, rabies, maximum entropy model, livestock, climate change

51



Introduction

Rabies is a major viral zoonosis that affects mammals, including humans, has a
global distribution with a few notable exceptions. The rabies virus, transmitted in the saliva
of sick animals by direct contact through deep bites or scratches, may be fatal once the
infected individual develops clinical signs.) Rabies is caused by the Rabies lyssavirus
virus (RABV), one of the 11 identified virus species of the genus Lyssavirus (Family
Rhabdoviridae). It is widely distributed throughout the world, and is the only one reported
in America.®) To date, nine antigenic variants of this genotype have been reported in
Mexico.® 4 Rabies is maintained in two epidemiological cycles, urban and sylvatic. In the
urban rabies cycle, dogs are the main reservoir host, whereas wild mammals (i.e.,
carnivores and bats) are reservoirs of the sylvatic cycle.®) Globally, approximately 55,000
people die annually from this disease, and most victims are children in underserved rural
areas of Africa and Asia.® In temperate environments, the primary reservoirs maintaining
rabies are carnivores and insectivorous bats.(”) However in tropical environments, the
vampire bat (Desmodus rotundus) is the primary reservoir responsible for its
transmission.* 8 In the last decade transmission of rabies by bats has become a significant

public health threat in some parts of the world.® ° 10

In Mexico, the transmission of rabies between carnivore species and bats does not
appear to be a frequent occurrence,® but this assessment may be biased towards vampire
bats because of the economic impact to the livestock industry.* 2 Annual losses to rabies
in the livestock industry are estimated at more than $23,000,000 US dollars (NOM-067-
Z00-2007)1Y and effective management requires epidemiological surveillance and weekly

notifications to the National Epidemiological Surveillance System (SIVE) and the National
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Service of Agro- Alimentary Health, Safety and Quality (SENASICA). In 2012, the
national campaign against bovine paralytic rabies assisted 1,112 bovine farms that reported

bat attacks, with 360 confirmed rabies cases in cattle.®®

The common vampire bat, a habitat generalist species with wide ecological
plasticity that inhabits the tropical and subtropical regions in Mexico and south to central
Chile and northern Argentina.®* 9 In Mexico, D. rotundus has been recorded in 24 states,
from central Sonora in the western part of the country eastward to the coastal plains of the
Gulf of Mexico in northern Tamaulipas and from the Pacific coast to the Yucatan Peninsula
and Chiapas.*> '3 |t is commonly found in environments with warm temperatures (between
20 to 27 ° C) and is best suited where there are little fluctuations (24 ° to 25 ° C) in their
roosts; D. rotundus can tolerate a temperature range from 35 ° to 3 © C.(8 1) While the
optimum range of relative humidity in their shelters is 70 to 100 %, it should not drop

below 45 % for survival.(®

The geographic range of D. rotundus in Mexico does not extend outside the 10 ° C
minimum temperature isotherm or above an altitude of 2,300 masl, meters above sea
level.( 16) Some studies suggest that if climatic conditions change, individuals are likely to
relocate to new areas and roosts.*® ¥ Due to its ecological plasticity, the vampire bat can
easily adapt to new landscapes modified by humans where loss of native plant cover,
increased forage and greater abundance of domestic livestock have created suitable
conditions for their breeding and feeding.* ® In Mexico, it is expected that the combination
of changes in land use and changes in global and regional climates will produce species

distributional shifts, including reservoirs and vectors for infectious diseases, modifying the
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patterns of infectious disease occurrence. Thus, modelling species distribution in changing

scenarios is becoming a major tool for conservation biology and for public health.

The ability to predict species distribution based on presence records may allow
prediction the presence and absence of species in areas not previously sampled.?® 2D |f
such predictions prove to be robust, it is possible to predict the response of species to the
effects of global climate change. The Ecological niche models (ENMs) have been used to
predict the geographic range of species based on the relationship between environmental
variables (e.g., biotic and abiotic variables) and the presence data of species.?®? ENMs are
founded on the classical concept of “‘niche” in ecology.?® This concept is based on two
previous niche concepts; the first approach is based on environmental conditions such as
temperature, precipitation, soil, etc., for which biological interactions such as competition
are not relevant,®* this approach is widely used to understand coarse-scale ecological and
geographic properties of species,?V) instead the second approach considers that biological
interactions as competition as relevant determine the geographic distribution of species,
this approach is used to understand the fine-scale ecological and biological relationships
between species.??

The objective of this study was to better understand the current geographic
distribution of D. rotundus under climate change scenarios in Mexico. We developed niche
models to identify the current and future distribution patterns of D. rotundus, and
compilated a database of bovine paralytic rabies cases to identify the areas of highest risk

for bovine rabies, and to facilitate the development of preventive strategies in the country.
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Material and methods
Study area

The study area comprises the entire territory of Mexico, between 14 ° N and 32 ° N,
86 ° E and 118 °E. Mexico shares land borders with the US (to the north) and Guatemala
and Belize (to the south). The total area of Mexico is approximately 1,900,000 km? and is
characterized by a great diversity of landscapes and climates. Approximately 85 % of the
country (except the Yucatan Peninsula and the coastal plains of the east and northwest) is
formed by mountain ranges, plateaus and numerous valleys. To generate the present
potential distribution map for D. rotundus, the study area was delimited using the known

distribution of the species in Mexico.

Desmodus rotundus occurrence data

We collected D. rotundus occurrence data from the National Mammal Collection of the
Institute of Biology and the Museum of Natural History of the National University of
Mexico (UNAM), the Mexican Commission for the Knowledge and Use of Biodiversity

(CONABIO) (www.conabio.gob.mx), and the Global Biodiversity Information Facility

(http://data.gbif.org). Data collected for each record included locality (geographic

coordinates in decimal degrees), height above sea level and source of information. We used

only records from 1980 to 2013, avoiding old and imprecise data.

Bovine paralytic rabies and population data
We used animal health weekly reports from the National Agro-Alimentary Health,

Safety and Quality Service (SENASICA, http://www.senasica.gob.mx) to develop a

database of cases of bovine paralytic rabies from 2007 to 2015. We also used information
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about the national pastoral range-livestock population from the Agricultural, Livestock and
Forestry Census 2007 (http://

WWW.inegi.org.mx/est/contenidos/proyectos/Agro/ca2007).%% This data will be used to

identify areas with more cattle and potential riesk areas. The information in both data

sources was provided at the municipal level.

Environmental data

For this study, a total of 20 environmental variables were considered including 19
bioclimatic variables from temperature that reflect seasonal and annual trends of
temperature and precipitation (table 1). The variables were obtained from the WorldClim

database (http://www.worldclim.org)®” for the 1950-2000 period. We used data for

elevation above sea level, obtained from the Digital Elevation Model generated by the
National Institute of Statistics, Geography and Informatics®® and used ArcGIS 10.2 (ESRI,
Redlands, CA, USA)@) to perform spatial analyses at a resolution of 30 arc-seconds (~
1km?).

We used two Global Circulation Models (GCMs) to determine the likely
distribution patterns of D. rotundus in Mexico for the decades of 2050 (average 2041-2060)
and 2070 (average 2061-2080) at a spatial resolution of 30 seconds: Geophysical Fluid
Dynamics Laboratory Model, version 3 (GFDL-CM3) and Hadley Centre Global
Environment Model - ES version 2 (HadGEM2)®@" http://www.worldclim.org/cmip5_30s).
These climate change predictive models were proposed in the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC) and the Coupled Model
Intercomparison Project, Phase 5. % Both GCMs considered two greenhouse gas

concentration trajectories or Representative Concentration Pathways (RCP); 4.5 and 8.5.
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The former assumes annual emissions will decline near the year 2050 and a conservative
increase in population growth, while the latter assumes CO> and methane emissions will
continue to rise throughout the twenty-first century and a rapid increase in the human

population.©®

Climatic model developed
We used the correlative maximum entropy based model or MaxEnt program

(MaxEnt 3.3.3 K, (www.cs.princeton.edu/~schapire/maxent)®l 32 to assess the potential

distribution of D. rotundus in Mexico. MaxEnt is a robust algorithm that provides
informative results and requires presence-only data.3-%) MaxEnt is a correlative model
based on an adjustment Bayesian procedure under the principle of maximum entropy that is
used to estimate probability distributions (i.e., more uniform distributions) based on records
of the presence of a species. It is subject to restrictions given by the environmental
information or other variables such as topography.© 3 To build the model, we divided the
total number of records into two sets, a calibration data set (random selection of 75 % of the
data as training data) and a set of test data (25 %) in 100 replicates in 500 iterations with
different random partitions (bootstrap method). To test the performance of the model and
its discriminatory capacity, we used the AUCtst (area under the ROC curve based on the
testing data), where values close to 1 show a good prediction and values close to 0.5
indicate that the model behaves randomly.® 3 |t is important to note that although some
studies have identified the limitations of the AUCwst as a performance measure of
models,®® 9 this test is often used as a single threshold-independent measure for model
performance and is a highly effective measure of the performance of ordinal score

models.®* 40 The statistical significance of the model was evaluated using a binomial test
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which determines whethe the models are better than randomly obtained models.Gt 37
Likewise, a Jackknife test was conducted to measure and determine which of these
implemented variables were the most important for the presence of the species.®V
Subsequently, we generated models of current and future distribution based on the
probability threshold that minimizes the error of omission (<10 % training and validation)
and the fraction of the predicted area to avoid overprediction.®> 37 4D We used a
multivariate environmental similarity surface (MESS) to assess the level of similarity of the
environmental conditions of the predicted areas between the two GCMs employed.®% The
results allowed us to distinguish areas of model extrapolation from those with similar
environmental conditions at any site in the world.

An additional component in developing niche models is the mobility area (M). This
area is frequently much larger than the actual distribution of the species in question.“?
Therefore, the predictions represent hypotheses about conditions that are similar to those
where the species has been observed. These conditions are likely to be among the existing
fundamental niche and the niche occupied by the species.®® Because Desmodus rotundus
has a wide dispersal capacity and information about the natural history is available, we
considered the entire country of Mexico as our M in the models. Currently the species is
not present in the northern states of Mexico such as Baja California, Sonora, Chihuahua and
Coahuila.® * However, these areas represent a potential opportunity to be colonized, if

they present suitable environmental conditions in the future.

Areas at risk of bovine paralytic rabies
Predicted areas were identified as high risk due to probability estimates of the

potential occurrence of D. rotundus in the study area. We superimposed maps of current
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and future D. rotundus distributions with database records of bovine paralytic rabies from
SENASICA to identify municipalities with potential risk of disease. We then input the
layer of estimated number of free-ranging cattle from the Agricultural, Livestock and
Forestry Census 2007,%% in each area to assess the potential extent of cattle susceptibility

to the disease.

Results and discussion
Bovine paralytic rabies distribution

Bovine paralytic rabies remains a threat for livestock production in Latin America
and Mexico where the vampire bat, Desmodus rotundus, is the main vector.® 'Y From 2007
to 2015, 119,389 cases of bovine paralytic rabies were reported, of which 1,872 were
confirmed, distributed in 477 municipalities in 25 Mexican states. States with the highest
number of confirmed cases were Veracruz (342 confirmed cases, 25,923 reports); San Luis
Potosi (211 confirmed cases, 2,624 reports); Yucatan (190 confirmed cases, 15,783
reports); Tabasco (181 confirmed cases, 16,132 reports); and Chiapas (127 confirmed
cases, 13,181 reports). States with the lowest number of reported cases were the State of
Mexico, Guanajuato and Baja California Sur. Municipalities with the greatest number of
positive cases of bovine paralytic rabies in the same period were: Tierra Blanca (75) and
Papantla (61) in Veracruz; Huimanguillo, Tabasco; Mapastepec, Chiapas; and Candelaria,
Campeche had 60 cases each.

The annual number of confirmed cases fluctuated between 138 and 288 recorded
three maxima: 288 cases in 2009, 275 in 2010 and, 243 in 2012 (figure 1). When

comparing seasons, we observed that most cases were reported during the dry season; a
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total of 1,064 cases were reported between January and May, with two peaks in March and
May (200 and 234 cases, respectively. figure 2).

In this study, we used correlative maxima entropy models to develop maps of the
current distribution of suitable Desmodus rotundus habitats in Mexico. We then used
climate change predictions to determine how changes in bioclimatic factors influence
potential distribution of D. rotundus, the principal vector of rabies virus within pastoral
range-livestock production systems, to identify potential bovine paralytic rabies risk areas

in Mexico.(1?
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Figure 1. Annual number of cases of bovine paralytic rabies in Mexico,
2007 - 2015.
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Figure 2. Number of monthly cases of bovine paralytic rabies in Mexico,
2007 - 2015.

Current distribution of Desmodus rotundus

The current potential distribution of D. rotundus we generated from the 649
confirmed records for the period 1980 - 2013 performed well and had good adjustment
(AUCrst value of 0.95 £ 0.029) and a low rate of omission (p < 0.0002). The most
important variables associated with the presence of D. rotundus (table 1) were temperature
seasonality (49.5 %), followed by minimum temperature of coldest month (16.6 %) and
annual temperature range (10.0 %). The areas identified with a greater likelihood of the
presence of D. rotundus maintain a temperature difference of less than 4 ° C between the
colder and warmer quarters, and both variables had low values, indicating low variation in
temperature throughout the year.

Model prediction results for the current scenario indicate habitat suitability for
Desmodus rotundus covers an area of 834,965 km? (figure 3), and the areas with the most
appropriate conditions (probability > 0.49) are located along the coastal areas: The Pacific
coast, from southern Sonora to the southwestern corner of the country, and the Gulf of
Mexico coast, from central Tamaulipas to the Isthmus of Tehuantepec, Chiapas and the

Yucatan Peninsula (figure 3).
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Table 1. Contributions of environmental variables used in the model of Desmodus
rotundus in Mexico.

Variable Percent contribution
Temperature Seasonality (bio 4; SD x100) 49.5
Min Temperature of Coldest Month (bio 6; °C) 16.6
Temperature Annual Range (bio 7; °C) 10.0
Mean Temperature of Coldest Quarter (bio 11; °C) 6.7
Isothermality (bio 3; % °C) 52
Elevation (m) 2.8
Precipitation Seasonality (bio 15; % mm) 2.5
Annual Precipitation (bio 12; mm) 2.0
Precipitation of Wettest Month (bio 13; mm) 14
Annual Mean Temperature (bio 1; °C) 1.0
Mean Temperature of Driest Quarter (bio9; °C) 0.5
Max Temperature of Warmest Month (bio5; °C) 0.4
Mean Diurnal Range (bio2; °C) 0.4
Precipitation of Coldest Quarter (bio 19; mm) 0.3
Mean Temperature of Wettest Quarter (bio8; °C) 0.2
Precipitation of Driest Month (bio 14; mm) 0.1
Mean Temperature of Warmest Quarter (bio 10; °C) 0.1
Precipitation of Wettest Quarter (bio 16; mm) 0.1
Precipitation of Driest Quarter (bio 17; mm) 0.1
Precipitation of Warmest Quarter (bio 18; mm) 0.1

Note: Bold font indicates variables that contribute > 1% to the model.
Source of data: WorldClim (http://www.worldclim.org/bioclim)

Areas with a high probability of suitable conditions were primarily in the states of San Luis
Potosi and Veracruz and in the southeastern region of the country. There were areas in the
northern regions of the country, such as the states of Tamaulipas, Sonora and Sinaloa. D.
rotundus are present in tropical and subtropical environments with warm temperatures that
do not fluctuate more than 2 °C annually. However, the transformation of natural
environments to grasslands for the development of the cattle industry, and the micro-
climatic changes fostered by these disturbances, have favoured the expansion of D.

rotundus into other regions. (2 1543
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Figure 3. Current areas in Mexico identified as suitable for Desmodus rotundus using

MaxEnt model. Blue points show localities of D. rotundus occurrence from 1980 to 2013.

Future distribution of D. rotundus

Predicted risk maps for the 2050 and 2070 climate scenarios show a reduction in
potential distribution of Desmodus rotundus as previously identified in the current scenario.
The best predictive model of D. rotundus distribution under each of the two GCMs, GFDL-
CM3 and HadGEM2, had AUCtest values of 0.97 + 0.02, indicating a high predictive power
for both models. Under a conservative scenario of RCP 4.5, the distribution models under
both GCMs show a marked reduction of total area compared to the current values: a
reduction of 20 % (170,317 km?) for the decade of 2050 and 28 % (233,989 km?) for the
decade of 2070 (figures 4, 5). A similar pattern was observed when the more development-
intensive RCP 8.5 scenario was used: a reduction of 27 % (229,486 km?) for the decade of
2050 and 34 % (283,471 km?) for the decade of 2070 (figures 4, 5). Comparison of the

species distribution models revealed that with respect to the current geography, GFDL-
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CM3 GCM predicted reductions of 15 % and 33 % for both periods of time, whereas
HadGEM2 predicted a reduction of 9 % and 12 % for 2050 and 2070, respectively.

The MESS analysis, which showed broad areas of similar environmental conditions
under current and predicted future climatic conditions, also identified suitable areas where
D. rotundus is currently absent, including central Mexico, Coahuila, Baja California,
western Sonora, and northern Chihuahua. Under all IPCC climate change scenarios
analyzed, D. rotundus expanded its range into the northwest of the country, occupying new
areas in the states of Sonora, Sinaloa, Zacatecas, Aguascalientes, and Guanajuato, the
northeast regions of Mexico in the states of Coahuila, Nuevo Leon and San Luis Potosi, and
the Central Mexican Plateau, principally the states of Mexico, Puebla and Hidalgo.® 2 In
contrast, the reduction in distribution occurred primarily in the southeastern portion of the
country, notably in the Gulf Coastal Plain in southern Veracruz, Tabasco, southwestern
Campeche, and the Yucatan Peninsula (figures 4, 5).

It is important to note that while there may be some shift in the geographic patterns
of the distribution of D. rotundus under future climate change scenarios, these changes are
not significant on a nation-wide scale, and the species will continue to be located primarily
in tropical and subtropical regions of the country.®? 15 However, an increase in the suitable
area for other vectors of the rabies disease and other biotic factors driving the dynamics of
the disease, such as shelter and food availability and biological corridors, may contribute to

an increased risk of the disease. (1 4344
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Figure 4. Modelled suitability for future distribution of Desmodus rotundus according to Global Climate Model GFDL-CM3 for two
time periods (2050 and 2070), and two Representative Concentration Pathways (RCP 4.5 and 8.5). Left-hand column shows suitability
values, with blue indicating more suitable conditions.
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Figure 5. Modelled suitability for future distribution of Desmodus rotundus according to Global Climate Model HadGEM2 for two
time periods (2050 and 2070), and two Representative Concentration Pathways (RCP 4.5 and 8.5). Left-hand column shows suitability
values, with blue indicating more suitable conditions.
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Our results indicate significant changes in the pattern of distribution and incidence of
bovine paralytic rabies in Mexico. The highest risk for bovine paralytic rabies occurs in the
dry season (April and May). This pattern is consistent with reports of a spike in the number
of rabies cases in Brazil, Colombia and Costa Rica during the dry season.“® 46 \Wwe
identified temperature as a principal determinant in the distribution of D. rotundus; it
affects the spread of the rabies disease among tropical and semi-tropical environments and
the likelihood of its spread into more temperate areas that may experience increased
temperature. We estimate that more than 600,000 head of cattle in Mexico could be
exposed to bovine paralytic rabies virus by 2050 — 2070, according to the current number of
free-ranging cattle from the Agricultural, Livestock and Forestry Census 2007.%%
Nevertheless, an increase of suitable areas for other vectors of the rabies disease and other
biotic factors driving the dynamics of the disease, such as shelter and food availability and
biological corridors, may contribute to the increased risk of the disease.® 43 47 However,
this number is likely an underestimation because the cattle population is likely to exceed
the values reported by the 2007 Census that were used in the model and because of the
ongoing and projected conversion of natural ecosystems to grazing land to accommodate

livestock production.

Conclusions

Identification of current and future areas that are likely to support vectors of bovine
paralytic rabies is a critical economic and social challenge that requires immediate
attention. Bioclimatic conditions are a good predictor of the current distribution of one
primary vector, Desmodus rotundus, and we used this relationship to show that by 2050 -
2070, 30% of the Mexican landscape will be provide a suitable habitat for this species
because of changing climatic regimes. This areal expansion will occur into northern and
central Mexico where D. rotundus populations are currently minimal or absent. The
increase in the area of cattle production and D. rotundus habitat overlap is a serious threat
to the industry because of the likely increased incidence of bovine paralytic rabies. It is
necessary to identify strategies, such as strengthening the National Epidemiological

Surveillance System and monitoring programmes, to effectively maximize resources to



address this challenge. These programmes will also benefit community health by reducing
the probability of human rabies infections spread through vampire bat bites.
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Resumen

Aedes aegypti es el principal vector involucrado en la transmision de los virus del Dengue,
Zika y Chikungunya. ElI Dengue es una enfermedad que impacta a 4,000 millones de
personas anualmente en regiones tropicales y subtropicales del mundo. La principal causa
de cambio en la distribucién geografica de Ae. aegypti son las condiciones climéticas del
planeta. El objetivo fue determinar la distribucion geogréfica de este vector e identificar las
principales areas de riesgo potencial de dengue por efecto del cambio climatico. Se elabord
una base de datos con las localidades de presencia del vector y a partir de variables
climéticas se desarrollaron modelos de nicho ecoldgico para predecir la distribucion del
vector en el presente y para el 2050 y 2070 en Norteamérica y norte de Centroamérica.
Actualmente, el 45% del area de estudio presenta las condiciones climéticas para que esté
presente el mosquito, la temperatura es la variable de mayor peso en los modelos. Las
regiones mas adecuadas para que el mosquito este presente es el sur de Arizona y la costa
de Texas, en EEUU, norte de Sonora, Tamaulipas, y Peninsula de Yucatan en México,
Norte de Guatemala, Belice, centro de El Salvador y norte de Honduras. Se predice con el
cambio climatico una reduccion del 40% (2050) y 35% (2070) de la distribucion de Ae.
aegypti en las regiones calidas y que se amplie su distribucion hacia regiones
septentrionales y su establecimiento estaria limitado en las regiones aridas. Se recomienda
mantener un sistema puntual de vigilancia epidemiol6gico y desarrollar acciones

preventivas para mitigar el impacto del dengue en la salud publica.

Palabras clave: Artropodo, vector, enfermedad tropical, nicho ecolégico, MaxEnt
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Introduccion

El mosquito Aedes aegypti se ha dispersado a partir del siglo XVII, ampliando
significativamente su area de distribucion en Africa abarcando todos los continentes
excepto la Antartida (Guber 1997). Ae. aegypti es el principal vector involucrado en la
transmision de arbovirus hacia los seres humanos alrededor del mundo (WHO 2016). Entre
ellos destacan el virus del dengue (Brady et al. 2012), Fiebre Amarilla (Vasconcelos y

Monath 2016), Chikungunya (Weaver 2014) y Zika (Fauci y Morens 2016).

Ae. aegypti es una especie predominantemente doméstica, adaptada a los ambientes
periurbanos y rurales de los paises tropicales y subtropicales del mundo. EI mosquito usa
como criaderos multitud de espacios, tanto naturales como artificiales (e.g. tinacos, piletas,
Ilantas abandonadas) que acumulan agua y presentan las condiciones microclimaticas que
evitan la desecacion de sus huevos y larvas (Powell y Tabachnick 2013). Es probable que,
enfermedades como el Dengue se encuentre actualmente entre las principales enfermedades
que impactan a la poblacién mundial (Guzman et al. 2010). Anualmente son infectadas
4,000 millones de personas (Astrom et al. 2012, Brady et al. 2012), siendo
aproximadamente 2,500 millones los casos reportados anualmente en regiones tropicales y

subtropicales del planeta (WHO 2016, Bhatt et al. 2013).

Los vectores artrépodos son organismos ectotérmos y estan sujetos a las
fluctuaciones de temperatura para su desarrollo, reproduccion y dindmica poblacional
(Rogers y Randolph 2006, Gage et al. 2008). Siendo esta la causa de que los periodos de
desarrollo y supervivencia de las larvas de Ae. aegypti dependen de factores ambientales

(Focks et al. 1993). En este sentido, se ha observado que el cambio en los patrones de
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precipitacion y temperatura generados por el cambio climatico alrededor del mundo han
favorecido la dispersién y colonizacion de esta especie hacia nuevas areas geograficas, las
cuales anteriormente eran limitadas por los umbrales térmicos propios de la especie
(Tabachnick 2010, Capinha et al. 2014, Eisen et al. 2014). Asimismo, existen datos que
demuestran adicionalmente que los cambios en los patrones de precipitacion pueden
explicar la presencia de brotes de dengue a nivel mundial (Hales et al. 2002, Van Kleef et
al. 2010); ademas, otras enfermedades transmitidas por vectores artropodos (e.g.
mosquitos) también se han visto relacionadas con estos patrones climéticos (Eisen et al.

2014, Campbell et al. 2015).

De esta forma, los modelos de distribucion de nicho (MDN) permiten proponer la
distribucion geografica de especies a partir del uso de variables biondmicas (factores
biodticos) y escenopoéticas (factores abioticos) que determinan la presencia de una especie y
con ello predecir aquellas areas con los requerimientos para que la especie pueda estar
presente (Peterson et al. 2011). Debido a la capacidad predictiva de los MNE, han sido
usados para modelar la distribucion de vectores y reservorios involucrados en la
transmision de enfermedades (Peterson 2014) como la Malaria (Hay et al. 2009),
Leishmania (Gonzalez et al. 2010), Fiebre de Lassa (Fichet-Calvet y Rogers 2009), y
Dengue (Lozano-Fuentes et al. 2009). Informacién que puede ser usada para identificar
areas de futuros brotes de una enfermedad y estimar el impacto en la salud publica (Aguirre
y Tabor 2008). Como consecuencia del cambio climético en los proximos afios, se espera la
expansion de la distribucion geogréafica del mosquito Ae. aegypti hacia mayores latitudes y

altitudes, convirtiéndose en un riesgo para la salud humana. A pesar de que mucho se ha

78



documentado a nivel mundial, hace falta a nivel regional en el continente americano
conocer a mayor detalle el impacto del cambio climético sobre la distribucién del mosquito.
Debido a lo anterior, el objetivo de este estudio fue determinar la distribucion geogréafica de
Ae. aegypti presente y futura para Norteamérica y Centroamérica e identificar las areas de
riesgo potencial de Dengue para la poblacion humana considerando los escenarios de

cambio climético para el 2050 (2041-2060) y 2070 (2061-2080).
Materiales y Métodos

Area de estudio

El &rea usada para modelar la distribucion de Ae. aegypti se ubica dentro de los
paralelos 15° a 35° latitud norte, comprende el sur de Estados Unidos, México, Guatemala,
Belice, El Salvador y Honduras. Entre estos paralelos se ha documentado ampliamente la
presencia del vector, donde se distribuye ampliamente en los ambientes tropicales y
subtropicales (Bhatt et al. 2012). De esta manera, se buscd disminuir el impacto potencial
del tamafio del area de estudio en el modelo, ya que esta tiene una fuerte influencia con la

calibracion del modelo (Barve et al. 2011).
Sitios de presencia de Ae. aegypti

Las localidades con presencia de Ae. aegypti fueron compiladas a partir de la base

en linea de Global Biodiversity Information Facility (http://data.gbif.org), MosquitoMap

(http://www.mosquitomap.org) y Disease Vectors Database (www.diseasevectors.org).

Para cada uno de los registros se establecieron los datos de localidad, coordenadas

geograficas, altura sobre el nivel del mar y fuente de donde fueron obtenidos los registros.
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Se registraron 254 localidades de presencia de Ae. aegypti en el periodo que comprende
1950 al 2013, mismas que fueron usadas para generar los modelos de distribucion de nicho

presente y futuros.

Sitios con reportes de casos de Dengue

Se elaboré una base de datos con los reportes confirmados de la enfermedad de
Dengue de 1993 al 2013 para Norteamérica. La informacion se extrajo de literatura
cientifica, reportes e informes sanitarios de instituciones de salud como la Direccion
General de Epidemiologia (http://www.epidemiologia.salud.gob.mx) de la Secretaria de
Salud del Gobierno Mexicano, de la Organizacion Panamericana de la Salud
(http://www.paho.org/hq) y del sistema electronico de notificacion de brotes de
enfermedades a través del Programa de Monitoreo de Enfermedades Emergentes, ProMed-

mail (http://www.promedmail.org).

Coberturas ambientales

Se usaron 19 variables bioclimaticas para predecir la distribucion geogréafica del
mosquito Ae. aegypti en Norteamérica y Centroamérica, en funcién de la capacidad que
tiene la precipitacion y la temperatura sobre la fisiologia y la dindmica poblacional del
mosquito. Las coberturas bioclimaticas fueron descargadas de WorldClim
(http://www.worldclim.org), y reflejan las tendencias de temperatura y precipitacion por

trimestre y anual entre el periodo de tiempo de 1950-2000 (Hijmans et al. 2005).

Para modelar la distribucion geogréafica futura de Ae. aegypti, se utilizaron dos
Modelos de Circulacion Global (GCMs): GFDL-CM3 (United States National and

Atmospheric Administration Geophysical Fluid Dynamics Laboratory) y HADGEMS3
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(Hadley Centre Global Environment Model version 3) (http://www.worldclim.org) para las
décadas de 2050 (promedio de 2041-2060) y 2070 (promedio de 2061-2080). Estas
proyecciones climéticas fueron aprobadas en el Quinto Informe de Evaluacion del Panel
Intergubernamental de Cambio Climatico (IPCC, Stocker et al. 2013) y por el Proyecto de
Inter-comparacion de Modelos Acoplados, Fase 5 (CMIP5). Los analisis se corrieron para
cada GCM bajo dos trayectorias de concentracion representativas (RCP) de 4.5y 8.5. La
primera trayectoria asume que las emisiones anuales de gases de efecto invernadero
globales declinen alrededor del 2040, con un incremento en el crecimiento poblacional
conservador. La segunda considera que las emisiones de CO. y metano continuaran
incrementandose a lo largo del siglo XXI y se registrara un incremento acelerado en la
poblacion humana (Stocker et al. 2013). Todas las coberturas se trabajaron a una resolucion
espacial de 30 arc-segundos (~1km?), usando un sistema de informacion geografico ArcGIS
10.2 (ESRI, Redlands, CA, USA). Es de sefialar que, dadas las caracteristicas ecolégicas de
la especie y las tendencias de las trayectorias climéticas para estas décadas, se optd por
utilizar las 19 variables en conjunto para predecir la distribucion geogréafica del mosquito y
observar cuales de estas variables aportan mayor informacién en los posibles cambios de la

distribucidn y riesgos en la enfermedad para Norteamérica y Centroamérica.
Modelacion de distribucion de nicho

Se usaron modelos de distribucién de nicho (MDN) y datos de presencia de Ae. aegypti
para modelar su distribucién geografica en Norteamérica, a partir del programa de MaxEnt
3.3.3 K (www.cs.princeton.edu/~schapire/maxent. Phillips et al. 2006, 2008). Este
algoritmo ha demostrado ser un método robusto y con resultados informativos cuando se

dispone Unicamente de datos de presencias (Elith et al. 2006, 2011, Peterson et al. 2011,
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Santika 2011). Maxent es un modelo correlativo basado en un procedimiento bayesiano de
ajuste bajo el principio de maxima entropia, cuyo propdsito es estimar distribuciones de
probabilidad (i.e., la distribucién més uniforme) basandose en registros de presencia de la

especie y a las restricciones dadas por las variables ambientales (Phillips et al. 2006, 2008).

Para realizar las estimaciones se implemento la configuracion establecida en el
programa de MaxEnt (Phillips et al. 2006), se dejé el 25% de los puntos de presencia del
mosquito para la evaluacion del modelo y el factor multiplicador de regularizacion en 1
para reducir el ajuste excesivo debido a la implementacion de todas las variables
bioclimaticas. Aumentar el valor del multiplicador de regularizacion puede generar una
sobrestimacion de las areas de riesgo sobre el area a modelar. Para probar el rendimiento
del modelo y la capacidad discriminatoria usamos el AUCrst [Area Under the ROC Curve
based on the testing data]. Este AUCrst ha demostrado ser una medida Util para los modelos
de puntuacion ordinales, donde valores cercanos a 1 muestran una buena prediccion y
cercanos a 0.5 indican que el modelo se comporta aleatoriamente (Phillips et al. 2006,
Radosavljevic y Anderson 2014). La significancia estadistica del modelo se evalué por
medio de una prueba binomial, la cual determina si los modelos son mejores que los
modelos obtenidos por azar (Phillips et al. 2004, Radosavljevic y Anderson 2014). Asi
mismo, se realizo una prueba de Jackknife para medir y determinar cuél de estas variables
implementadas fueron las mas importantes para la presencia de la especie (Phillips et al.
2006) y por tanto los cambios en la tendencia de presencia de la enfermedad en el area de
estudio. Es importante notar que algunos estudios han indicado las limitaciones de uso de
AUC como una medida del desempefio del modelo (Lobo y Tognelli 2011), no obstante

puede ser considerada a menudo como una medida independiente del umbral para el
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rendimiento del modelo y una medida altamente eficaz del rendimiento de los modelos

(Elith et al. 2011, Marino et al. 2011).

Finalmente, a partir de los modelos de distribucion presente y futuros se generaron
mapas binarios con la distribucion potencial del mosquito basandose en el umbral de
probabilidad que minimiza el error de omision (<10% datos de entrenamiento y validacion)
y la fraccion del area predicha para evitar la sobreprediccion (Phillips et al. 2006, Jiménez-

Valverde y Lobo 2007, Peterson et al. 2011, Radosavljevic y Anderson 2014).

Poblacién humana expuesta al mosquito

Para evaluar la poblacion humana potencialmente expuesta al mosquito se uso la
base de datos Global Gridded Population Dataset v4

(http://sedac.ciesin.columbia.edu/gpw/), para el periodo de 2020. La cobertura se sobrepuso

a los mapas binarios con la distribucion potencial de Ae. aegypti para el presente y para
ambos escenarios futuros (2050 y 2070). Se estim6 la poblacion humana potencialmente
expuesta al mosquito, usando un sistema de informacion geografico ArcGIS 10.2 (ESRI,

Redlands, CA, USA).

Resultados

La distribucion potencial del vector Ae. aegypti mostrd valores estadisticamente
significativo mejores que la prediccion aleatoria (p <0.05) para los escenarios climaticos
actual y futuros. Los resultados indican una alta probabilidad de condiciones adecuadas
para la presencia y establecimiento del mosquito en Norteamérica y Centroamérica (AUC >
0.90), indicando un buen desemperio y ajuste de los modelos con una baja tasa de omision

(p <0.0002).
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La superficie que presenta las condiciones Optimas para que Ae. aegypti esté
presente es de 1,299,587 km?, entre los intervalos latitudinales 35° a 13° N (Fig. 1). En
general, los resultados muestran que la planicie costera del Golfo de México es una region
que exhibe una alta probabilidad de ocurrencia Ae. aegypti en Norteamérica y
Centroamérica. Las areas predichas como altamente idoneas (probabilidad > 0.50) que
cumplen con las condiciones ambientales para que los mosquitos puedan estar presentes en
el sur Arizona y la costa de Texas en los Estados Unidos; norte de Sonora, Tamaulipas, San
Luis Potosi y a lo largo de la costa de Veracruz, a lo largo de las tierras bajas tropicales de
Jalisco, Michoacéan, Guerrero, Oaxaca, Chiapas y la Peninsula de Yucatan en México. El

norte de Guatemala y Belice, asi como la parte central de EI Salvador y Honduras.

Las variables climaticas que muestran una influencia sobre Ae. aegypti y que
contribuyen y explican el 60% de la distribucion geografica son la temperatura media anual
(18.8%), temperatura minima del mes mas frio (11.8%), rango diurno medio anual (11.0%),
temperatura media del trimestre mas calido (10.5%) y temperatura media del trimestre mas
humedo (8.1%). La presencia de Ae. aegypti fue predicha en areas que muestra una
temperatura media anual entre 17 — 30°C, que la temperatura minima entre 14 — 17°C
durante el mes mas frio y que la fluctuacién del rango diurno medio anual sea bajo (7°C;

Cuadro 1).

La distribucién geografica destinada para Ae. aegypti con base en los Modelos de
Circulacion Global: GFDL-CM3 y HADGEMS para el 2050 (Fig. 2) y 2070 (Fig. 3) ocupa
una superficie de 1,261,196 km? y 1,125,785 km? del area de estudio, respectivamente
(Cuadro 2). En general, se predice una reduccion del 12% y 10% en el area de distribucion

hacia las areas tropicales de la Peninsula de Yucatan, Tabasco y el sur de Veracruz con
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respecto al escenario actual, usando el RCP 4.5 y 8.5, respectivamente. Sin embargo, se
presenta un incremento en el area de distribucion del mosquito particularmente hacia las
tierras de elevacién media (2000 msnm) de los Estados de Puebla, Tlaxcala, Estado de

México y Morelos, a lo largo del Eje Neovolcanico Transversal.

Actualmente, la poblacion humana en riesgo de Dengue se estima en mas de 4
millones de habitantes. Para el escenario de 2050, se estima una poblacién de 2.5 millones
habitantes, que vivan en regiones donde el mosquito puede estar presente y por lo tanto
susceptibles de transmision del virus de dengue por Ae. aegypti. Las areas méas adecuadas
para que el mosquito esté presente en ambos escenarios de cambio climatico es el sur de
Arizona y la costa de Texas, en EEUU, norte de Sonora, Tamaulipas, Puebla, Morelos,
Quereétaro y el norte de la Peninsula de Yucatan en México, centro de El Salvador y norte
de Honduras. Las condiciones ambientales para que el mosquito este presente cambian para

el norte de Guatemala y Belice en ambos modelos climaticos.

Discusion

Durante el 2015, se notificaron 2.3 millones de casos de Dengue en el continente
americano, de los cuales més de 10,000 fueron considerados de gravedad (WHO 2016). Al
mismo tiempo, el virus del Dengue se sigue expandiendo fuera de su distribucion natural
debido a la transformaciéon del paisaje y los cambios en el clima que enfrentamos
actualmente, lo que pone en riesgo a méas del 50% de la poblacion mundial (Hales et al.
2002, Rogers y Randolph 2006). Es por ello la importancia considerar el efecto del cambio
climatico en la distribucion geografica del mosquito Ae. aegypti en Norteamérica y

Centroameérica para evaluar su efecto potencial en la salud humana en el futuro proximo.
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Acorde con nuestros resultados, Ae. aegypti estuvo presente en todas las localidades
predichas por los modelos de nicho, observando una distribucion potencial del vector
similar a lo que actualmente se conocer para Norteamérica y Centroamérica (WHO 2016).
La temperatura media anual (28 a 30 °C) fue una de las variables més importantes que
explican la presencia de Ae. aegypti (Cuadro 1). Esto se debe a que el incremento de la
temperatura puede reducir los tiempos de desarrollo de los huevos, larvas y pupas de los
mosquitos, asi como la duracion del ciclo del gonadotropismo en las hembras, obteniendo
tiempo de generacion mas corto; lo cual se ve reflejado en un incremento en la poblacion de
mosquitos (Eisen et al. 2014). Sin embargo, la temperatura también limita el tamafio de las
poblaciones de mosquitos, ya que decaen a temperaturas menores a 15°C o superiores a
36°C (Eisen y Moore 2013, Eisen et al. 2014). En ambientes tropicales, bajo condiciones de
temperatura elevada la humedad relativa tiene un efecto amortiguador para la sobrevivencia
de los adultos (Alto y Juliano 2001). En cambio, en los ambientes secos donde las
poblaciones de mosquitos estan expuestas a temperaturas mayores a 38°C, el efecto suele
ser letal (Eisen y Moore 2013). De esta forma, la importancia de esta variable concuerda
con los resultados obtenidos por otros estudios en donde explican el patrén de distribucion
del vector a nivel mundial en forma dependiente de la temperatura (Van Kleef et al. 2010,

Guagliardo et al. 2014).

En el mismo sentido, la precipitacion tiene un claro efecto dobre la dindmica
poblacién, se observa que aquellas regiones con ambientes hiumedos y una precipitacion
anual superior a los 1,450 mm son id6neos para mantener una alta abundancia de mosquitos
(Eisen et al. 2014). Sin embargo, Hales y colaboradores (2002) demostraron que se puede

modelar con una alta precision los limites geograficos actuales para la enfermedad del
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Dengue a partir de la presion media del vapor de agua. Mientras que en las regiones
templadas se ha observado que los factores que limitan la distribucion y abundancia de
mosquitos estd relacionada con la frecuencia de las lluvias seguido de la duracion y
severidad del invierno (Campos et al. 2012, Eisen y Moore 2013). Se ha observado que las
poblaciones de Ae. albopictus en regiones templadas célidas con mayor probabilidad de
sequia estival (por ejemplo, el sur de los Estados Unidos) probablemente tendran una
mayor produccion de adultos, siempre que los habitats de los contenedores no se sequen

completamente (Alto y Juliano 2001)

Por otra parte, los ambientes periurbanos y rurales son propicios para el
establecimiento del mosquito y la transmision del virus del Dengue (Powell y Tabachnick
2014), debido a que se crean las condiciones microclimaticas en los depdsitos de agua
estancada como piletas y tinacos, los cuales quedan expuestos a la radiacion solar siendo
estos ambientes mas propensos a ser ocupados por Ae. aegypti. Es por ello que las practicas
de almacenamiento de agua en los ambientes rurales y periurbanos, favorecen el
establecimiento y la dispersion de enfermedades que el propio cambio climético y la

fragmentacion del ambiente (Guagliardo et al. 2014).

En Meéxico, se ha observado que durante el segundo semestre del afio, se da la
situacion critica de la transmision del Dengue en el pais, pero de acuerdo al seguimiento de
la intensidad de la transmision en los ultimos afios, se observa que se presenta durante el
otofio, en particular en los meses de octubre y noviembre, tanto para el Dengue clasico
como para el Dengue Hemorragico (Direccion General de Epidemiologia - Secretaria de
Salud 1996). La reciente introduccion de Ae. albopictus en el sureste del México (Casas-

Martinez y Torres-Estrada 2003) y el subsecuente establecimiento de ambientes
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periurbanos ocupados por Ae. aegypti deja en el aire el papel que pueda tener este mosquito
en la transmision de enfermedades ya establecidas como el Dengue, Chikungunya y Zika

(Capinha et al. 2014, Campbell et al. 2015).

Nuestros resultados son congruentes con lo que se ha documentado hacia el
incremento en la incidencia de Dengue y Dengue Hemorragico hacia el eje Neovolcanico
(Lozano-Fuentes et al. 2009). Comportamiento similar al observado en otras regiones de
Norteamérica, donde se espera que se modifiquen las areas de distribucion, incidencia y
prevalencia de enfermedades transmitidas por vectores artropodos a mediano plazo por
cambio climatico (Gage et al. 2008, Capinha et al. 2014, Campbell et al. 2015). Por
ejemplo, se ha observado una expansién en el area de distribucidn de vectores (e.g. Ixodes
spp.) y hospederos de la enfermedad de Lyme hacia Canada (Crowl et al. 2008), de
Leishmaniasis hacia el centro de México conforme avanza la distribucion del vector
Lutzomyia (Gonzalez et al. 2010). Lo que prueba que varaibles como la precipitacion y la

temperatura tienen un efecto decisivo para la expacion y colonizacién de nuevas areas.

Nuestro analisis proporciona informacion sobre la distribucion y abundancia de Ae.
aegypti en Norteamérica y Centroamérica. La capacidad de predecir la distribucion del
mosquito e identificar areas potenciales de riesgo bajo escenarios de cambio climéatico es
fundamental para la toma de medidas de prevencion y control contra el Dengue. Sin
embargo, los resultados de este estudio deben ser interpretados con precaucién, tomando en
cuenta que los modelos de nicho ecoldgicos correlativos pueden tener incertidumbres
(Jarnevich et al. 2015). Estas incertidumbres son principalmente debido a la calidad de los
datos de presencia, muestreo, resolucion especial de las capas usadas y autocorrelacion de

las variables (Buisson et al. 2010, Anderson 2013). Por ejemplo, a escala local hace falta
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estudiar a mayor detalle las interacciones bidticas como la competencia intra e
interespecifica, los factores denso dependientes que pueden estar determinando una mayor
presencia de adultos en el ambiente. En otra escala espacial, se requieren estudios sobre la
ecologia del paisaje, donde se analice la fragmentacién del ambiente para entender aspectos

como la dispersion del mosquito y la colonizacion a nuevas areas.

En conclusion, el cambio climatico crea nuevas condiciones para el establecimiento
de potenciales areas de colonizacion por parte de Ae. aegypti y esto puede representar una
amenaza por la aparicion de zonas de riesgo de Dengue en Norteamérica. A partir de
nuestros datos observamos grandes extensiones adecuadas para que Ae. aegypti pueda
establecerse o colonizar, preferentemente a lo largo de las tierras bajas del noroeste y
sureste de México. Se predice para ambos escenarios climaticos que el mosquito se
expendera hacia el centro y norte de México, tiene especial atencion la parte centro del
pais, debido al nimero de habitantes que actualmente viven en esta region del pais y
potencialmente seria una poblacion en riesgo de contraer el virus del Dengue. Se requieren
de esfuerzos que ayuden a entender el impacto del cambio climético en las enfermedades
infecciosas transmitidas por vectores. Debido a ello, estudios de campo permitiran a los
sistemas de vigilancia epidemioldgica y al sector salud dirigir sus esfuerzos antes los
posibles escenarios para mitigar el impacto a la salud publica, a través de acciones
concretas y camparias de control y monitoreo del mosquito Ae. aegypti en México y su area

de influencia hacia el norte y sur del pais.
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Cuadro 1. Contribucidn de las variables climaticas usadas para la generacion del
modelo de nicho de Aedes aegypti para el area de estudio.

Percentaje de

Variable contribucion
Temperatura media anual (bio 1; °C) 18.8
Temp minima del mes més frio (bio 6; °C) 11.8
Rango de temperature media diurna (bio2; °C) 11.0
Temp promedio del trimestre mas célido (bio 10; °C) 10.5
Temp promedio del trimestre més lluvioso (bio 8; °C) 8.1
Temp promedio del trimestre mas frio (bio 11; °C) 5.6
Temp méaxima del mes mas célido (bio5; °C) 4.5
Precipitacion del trimestre més lluvioso (bio 16; mm) 4.0
Rango de temperatura anual (bio 7; °C) 3.9
Precipitacion del trimestre mas frio (bio 19; mm) 3.7
Precipitacion anual (bio 12; mm) 3.6
Temp media del trimestre mas seco (bio9; °C) 35
Precipitacion del trimestre mas calido (bio 18; mm) 3.3
Estacionalidad de la precipitacion (bio 15; % mm) 2.2
Estacionalidad de la temperatura (bio 4; SD x100) 15
Precipitacion del trimestre méas seco (bio 17; mm) 15
Precipitacion del mes mas lluvioso (bio 13; mm) 0.9
Isotermalidad (bio 3; % °C) 0.8
Precipitacion del mes mas seco (bio 14; mm) 0.7

Nota: En negrillas estan indicadas aquellas variables que contribuyeron con la
construccion del modelo.
Fuente de los datos: WorldClim (http://www.worldclim.org/bioclim)



Leyenda de Figuras

Figura 1. Distribucién potencial de Aedes aegypti en Norteamérica y Centroamérica, 10s

puntos rojos indican localidades de presencia del vector.

Figura 2. Distribucién potencial de Aedes aegypti usando el modelo de cambio climatico
GFDL-CM3 para dos periodos de tiempo 2050 y 2070, en dos trayectorias representativas

de concentraciones (RCP) 4.5y 8.5, respectivamente
Figura 3. Distribucion potencial de Aedes aegypti usando el modelo de cambio climético

HADGEM para dos periodos de tiempo 2050 y 2070, en dos trayectorias representativas de

concentraciones (RCP) 4.5y 8.5, respectivamente.
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DisCcUsION GENERAL

La distribucion de las especies sobre la Tierra no es azarosa, se observan procesos Yy
patrones que se mantienen, entender sus causas y consecuencias, ha sido uno de los
principales temas de interés de la ecologia y biogeografia. A partir de los patrones en la
distribucion de plantas y animales planteados por Charles Darwin, Alfred Wallace y Joseph
D. Hooker desde el siglo XIX y hasta la fecha se han propuesto nuevas ideas enmarcadas
en ecologia y evolucion para dar respuesta a nuestro tema de interés (Brown y Lomolino
1998). Actualmente, conocemos que la distribucién de las especies sobre el planeta no es
uniforme, varia espacial y temporalmente, si bien la mayoria de las especies poseen areas
de distribucion geogréafica pequefias y estan delimitadas por un conjunto de condiciones
ambientales (Gaston 2009, Gaston y Blackburn 2000, Pimm y Brown 2004). Numerosos
estudios han tratado de explicar la distribucion de las especies a través de un gradiente
latitudinal, longitudinal y altitudinal a diferentes escalas espaciales (Brown y Lomolino
1998, Gaston 2000). Entre estos patrones, el gradiente latitudinal ha sido uno de los méas
estudiados y a su vez comprobado en diferentes grupos taxondmicos terrestres (Cardillo et
al. 2005, Ceballos y Ehrlich 2006, Kaschner et al. 2011). En ese sentido, se han enfocado
algunos estudios en revisar si este gradiente latitudinal se mantiene usando como sujeto las
enfermedades infecciosas emergentes, conociendo que un gran nimero de grupos
taxondémicos como peces, anfibios, reptiles, aves y especialmente mamiferos silvestres,
actian como hospederos en la transmisién de agentes infecciosos (Pedersen et al. 2007,
Jones et al. 2008). Ademas, que un gran numero de vectores, en especial lo artrépodos

hemat6fagos como los mosquitos, garrapatas y moscas son los responsables de la



transmision de bacterias, virus y protozoarios entre los hospederos vertebrados silvestres
(Gubler 1998, Patz et al. 2005). Por otra parte, se ha observado que la mayoria de las
enfermedades infeccciosas emergentes de origen zoonOtico se presentan en regiones
intertropicales y tropicales, relacionada con la alta sobreposicion de las éareas de
distribucion geografico de los principales vectores y hospederos de enfermedades en
humanos y animales silvestres (Cumming 2000, Dunn et al. 2010, Guernier et al. 2004,
Nunn et al. 2005). Por otra parte, Jones y colaboradores (2008) mostraron que el patron
latitudinal no se mantiene para las enfermedades infecciosas emergentes a nivel mundial, la

mayor concentracion de enfermedades infecciosas se presenta en latitudes intermedias.

Independiententemente del patron latitudinal observado, se ha sugerido que el
incremento de las enfermedades infecciosas emergentes es resultado de la alteracion del
ambiente epidemiologico (Aguirre et al. 2016). Asociado a factores relacionados con la
fragmentacion del héabitat, el cambio en el uso del suelo, la intensificacion de la agricultura
y la reduccién de la biodiversidad, en especial de aquellas especies de vectores y
hospederos que se ven favorecidas con el cambio en el uso del suelo y la creacion de
nuevas condiciones ambientales y microclimaticas, proporcionando oportunidades
favorables para que los vectores puedan reproducirse y en muchos casos mantener la

infeccion en el medio periurbano (Loh et al. 2015, Hassell et al. 2017).

Estos cambios antropogénicos tendran un efecto sobre la distribucién y abundancia
de vectores y hospederos, facilitando una mayor tasa de contacto entre la fauna silvestre-
domeéstica-humana y con ello la aparicion de enfermedades infeccisosas zoonoticas
(Aguirre et al. 2012, Keesing et al. 2010). Es sobre la distribucion de vectores y hospederos

de tres enfermedades zoonoticas emergentes que se centra el desarrollo de la tesis, el papel
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que tienen los factores ambientales en la distribucién de dichas especies, y sus posibles

efectos bajo escenarios de cambio climatico e impacto en la salud publica.

Nuestros resultados concuerdan con el patron latitudinal anteriormene comentado
para las enfermedades de dengue y rabia paralitica bovina, esto puede deberse a dos
razones: 1) ambas enfermedades son de origen tropical y subtropical a diferencia de la
enfermedad de Lyme que se ha identificado en ambientes templados tanto de América
como de Europa; y 2) el mosquito Aedes aegypti el principal vector en la transmision del
dengue (Guzman et al. 2010) y el murciélago vampiro Desmodus rotundus reservorio
involucrado en la transmision de la rabia en el medio silvestre, son especies con afinidades
tropicales (Belotto et al. 2005). A diferencia de los hospederos intermedarios y finales, y
del vector (garrapata del género Ixodes) que intervienen en el ciclo de la enfermedad de

Lyme son principalmente de afinidades templadas.

En los Gltimos 10 afios, se han usado diversas técnicas para modelar las areas de
distribucidn de las especies con fines de manejo y conservacion de la flora y fauna silvestre,
recientemente se ha usado en Medicina de la Conservacion y en Salud Publica, con la
finalidad de dar respuesta y explicacién a la presencia de nuevas enfermedades o para
predecir potenciales areas de riesgo bajo escenarios de cambio climatico (Guisan y Thuiller
2005, Guisan y Zimmermann 2000). Como se ha analizado en la enfermedad de Chagas
(Peterson et al. 2002), Hantavirus (Sanchez-Cordero et al. 2005, Suzan et al. 2006),
Malaria (Hay et al. 2009), Leishmania (Gonzalez et al. 2010), Fiebre de Lassa (Fichet-
Calvet y Rogers 2009), Rabia (Smith et al. 2002, Gomes et al. 2010), Influencia aviar
(Peterson y Williams 2008), enfermedad de Lyme (llloildi et al. 2012), entre otras

enfermedades infecciosas.
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Depediendo del tipo de transmisién y origen del agente infeccioso de una
enfermedad esta puede estar asociada a mas de un conjunto de factores ambientales,
bioldgicos, y sociecondmicos, que estardn deteminando su prevalencia en el ambiente. Este
planteamiento concuerda con lo encontrado en este estudio, donde se observo que los
varaibles ambientales y climéticas afectan la distribucién de vectores y hospederos, y muy
relacionado con la interaccién hospedero-vector, generando efectos sobre el ciclo
epidemiologico de la enfermedad. Debido a ello, es necesario seguir usando diversas
herramientas de modelacion bajo diferentes escenarios de cambio climéatico. La
informacion generada sera relevante para predecir futuros cambios en la abundancia y
distribucion espacial-temporal de los vectores como parte importante en la transmision y
dispersion de enfermedades. Por ejemplo, en la identificacion de potenciales areas de riesgo
a diferentes escalas espaciales, las cuales pueden ir desde nivel de localidad,
condados/municipios hasta espacios mas amplios, donde claramente el efecto de los
factores bidticos y abidticos puede tener un efecto sinérgico o bien pueden diluirse
dependiendo de la naturaleza del agente infeccioso y de la propia escala espacial. A nivel
global, se puede observar un incremento en la distribucion de enfermedades, algunas de
ellas emergentes 0 reemergentes, hacia los ambientes tropicales alrededor del mundo.
Como se ha mencionado previamente en el patron global latitudinal, vemos que esta
relacionado una mayor riqueza de especies hacia la franja ecuatorial, asociado esto a una
mayor diversidad de hospederos. Sin duda, alguna uno de los grandes retos en el siglo XXI
sera el entendimiento de las enfermedades infeccisosas especialmente las zoondticas, por
las implicaciones que pueden tener en las salud de las poblaciones de animales silvestres y

en la salud publica.
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‘CONCLUSIONES GENERALES

e Es probable que la distribucién geografica de Aedes aegypti y de Desmodus
rotundus se expanda hacia el norte de México, hacia regiones donde actualmente
poseen limitantes térmicas. Estas nuevas regiones seran sitios potenciales de

colonizacion con el incremento de la temperatura en las proximas décadas.

e Se espera una variacion espacio-temporal en la tranmision de las tres enfermedaes
conforme se provean nuevas condiciones bidticas y abioticas que favorezcan a sus

hospederos y vectores que intervienen en el ciclo de estas enfermedades.

e Deben realizarse revisiones periddicas de las predicciones sobre las areas de
distribucion de Aedes aegypti y de Desmodus rotundus a medida que los escenarios

de cambio climatico se refinan.

e Es necesario un sistema de vigilancia puntual, enfocado en el monitoreo de las
poblaciones silvestres de hospederos y vectores que nos permita mejorar nuestro
conocimiento en la transmision de enfermedades y el efecto del cambio climatico

sobre los diferentes agentes infecciosos.
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