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RESUMEN

El Sindrome de Nariz Blanca (SNB), es una enfermedad infecciosa causada por el
hongo Pseudogymnoascus destructans, que se desarrolla en ambientes frios, invade la
piel de los murciélagos durante el proceso de hibernacion; afectando su sistema
inmunitario y, generalmente, llevandolos al congelamiento o muerte por inanicion.
Aunque hasta ahora no hay registros de murciélagos infectados con P. destructans en
México, resulta de gran importancia prever el riesgo potencial para especies como
Eptesicus fuscus y Myotis velifer. El objetivo de este trabajo es identificar las areas
geogréficas en México con condiciones climaticas para el crecimiento de P.
destructans, asi como las posibles interacciones ecoldgicas que se dan entre
murciélagos pertenecientes a la familia Vespertilionidae de México y P. destructans con
el fin de prever el riesgo de infeccion. Para ello se construyeron bases de datos de cada
especie y se hicieron modelos de nicho ecoldgico, posteriormente se aplicd una prueba
de sobreposicion de nicho. Se encontr6 que en Meéxico existen las condiciones
ambientales adecuadas para que se desarrolle el hongo P. destructans, en la Sierra de
California, la Sierra Madre Occidental y la Faja Volcanica Transmexicana. Las especies
de murciélagos positivas para SNB; Lasionycteris noctivagans, E. fuscus y M. lucifugus
son las que se sobreponen mayormente con el nicho potencial de P. destructans y por

ello infieren un riesgo de infeccion para los murcielagos de México.




ABSTRACT

The White Nose Syndrome (WNS), is a disease caused by the causal agent fungus
Pseudogymnoascus destructans, which develops in cold environments, invades the skin
during the process of hibernation of bats, affecting their immune system and fat
metabolism, generally leading them to freezing or starvation. Despite there being no
current records of bats infected with P. destructans in Mexico, it is very important to
predict the risk since E. fuscus and M. velifer are species that are at risk of acquiring
WNS, they are distributed throughout the Mexican territory. The aim of this work is to
identify the geographic areas in Mexico with climatic conditions for the increase of
Pseudogymoascus destructans, as well as the possible ecological interactions that occur
between bats belonging to the Vespertilionidae family of Mexico and P. destructans in
order to predict the risk of infection. To do this, databases of each species were built and
niche models, later a niche superposition test was applied in. It was found that in
Mexico there are adequate environmental conditions for the development of the fungus
P. destructans, in the Sierra de California, the Sierra Madre Occidental and the Faja
Volcénica Transmexicana. Bats species positive for WNS, L. noctivagans, E. fuscus and
M. lucifugus are those that overlap mainly with the potential niche of P. destructans and

therefore infer a risk of infection for bats in Mexico.




INTRODUCCION

Muchas enfermedades son causadas por patdgenos que Sse encuentran en reservorios
vertebrados y se transmiten a otro individuo a través de un vector (Ostfeld y Keesing,
2000). La transmision de estas enfermedades es un proceso ecoldgico que implica

interacciones entre al menos dos especies (Keesing et al., 2006).

Tal es el caso del Sindrome de Nariz Blanca (SNB), una enfermedad causada por el
hongo Pseudogymnoascus destructans, que se desarrolla en ambientes frios (Muller et
al., 2013). Pseudogymnoascus destructans afecta principalmente a murciélagos que
hibernan, provocando un halo blanco en nariz, orejas y membranas de las alas (Reichard
y Kunz, 2009). Dicho hongo invade la piel de los murciélagos, lo que afecta su sistema
inmune y disminuye la reserva de grasa, provocando que éstos despierten de la
hibernacion a la mitad del invierno, lo que generalmente lleva al congelamiento o

muerte por inanicion (Blehert et al., 2009).

Hasta ahora se sabe que, en Norteamérica, P. destructans se asocia con 19 especies
de murciélagos, de las cuales, 13 han presentado sintomas: el murciélago moreno
(Eptesicus fuscus), el miotis del sureste (Myotis austroriparus), el murciélago oreja
larga (M. evotis), el murciélago gris (M. grisescens), el murciélago de patas pequefias
(M. leibii), el pequefio murciélago café (M. lucifugus), el murciélago del norte de orejas
largas (M. septentrionalis), el miotis bordado (M. thysanodes), el murciélago de Indiana
(M. sodalis), el miotis mexicano (M. velifer), el miotis pata larga (M. volans), el miotis
de Yuma (M. yumanensis) y el pipistrelo del este americano (Perimyotis subflavus),
mientras que las otras seis especies han resultado asintomaticas: el murciélago cola

peluda rojizo (Lasiurus borealis), el murciélago cola suelta (Tadarida brasiliensis), el




murciélago orejon de Rafinesque (Corynorhinus rafinesquii) el murciélago pelo
plateado (Lasionycteris noctivagans) el murciélago orejon de Townsend (C. townsendii)
y el miotis cara negra (M. ciliolabrum). (Frick et al., 2015; Gargas et al., 2009; Hulgard

et al., 2016; Perry, 2013; Thogmartin et al., 2012; Timothy et al., 2018)

La evidencia sugiere que el patégeno es originario de Europa (Wibbelt et al.,
2010) donde muestra una incidencia creciente (Martinkova et al., 2010) asi como
dispersion. Su llegada a América probablemente fue a través de la actividad
antropogénica (Puechmaille et al., 2010). En Asia, también existen registros de
murciélagos infectados, pero la informacion que se tiene respecto a este continente es
escasa (Frick et al., 2010). Aunque el hongo ha llegado a murciélagos de estos tres
continentes no ha afectado de igual manera a las especies de murciélagos, pues tanto en
Asia como en Europa reflejan mayor tolerancia a la enfermedad que en América (Zukal

etal., 2016)

Se ha propuesto que durante la expansion de P. destructans, ha habido una
diversificacion fenotipica significativa a lo largo de gradientes geogréficos y que
algunas de las variaciones fenotipicas estan asociadas con adaptaciones locales
(Forsythe et al., 2018). Debido a esto, se sugiere que tenemos una cepa diferente para

cada continente, es decir; La cepa asiatica, la cepa europea y la cepa norteamericana.

El SNB en América se ha propagado rapidamente, el primer registro fue en una
cueva de Albany, Nueva York, en el afio 2006, para el 2019 la enfermedad ya habia sido
confirmada en 35 estados de los Estados Unidos de América (EUA) y siete provincias
canadienses (Figura 1). Esta rapida dispersion indica que el rango de temperatura donde
crece Optimamente el hongo (4-15° C) puede ser ampliado, ya que, aunque se ha

propuesto que la dispersion del sindrome se detendra conforme se acerque a climas




tropicales, se ha documentado ya la presencia del hongo en Alabama, Mississippi,
Georgia y Texas, estados que presentan un clima subtropical. Esto sugiere que esta
especie se ha expandido a nuevas condiciones ambientales presentes en Ameérica del

Norte que eran adecuadas para ella dada su fisiologia (Hallam y Federico, 2012)

White-Nose Syndrome

Occurrence by County/District
{or portions thereof)

Bat hibernation period

Fall-Winter-Spring
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Figura 1. Mapa de propagacién del hongo P. destructans desde su aparicion en el afio
2006 hasta el afio 2019. (White-nose Syndrome occurrence map - by year (2019).
Ultima actualizacion: 8/30/2019. Disponible en:

https://www.whitenosesyndrome.org/resources/map).

Segun Hutchinson el nicho se describe como el conjunto de condiciones bidticas
y abidticas donde una especie puede persistir (Holt, 2009). Fuera de este nicho, no se

espera que los individuos dejen descendientes ni que las poblaciones perduren y




proliferen. Este rasgo del nicho da lugar a muchas caracteristicas en los organismos de
una especie, como pueden ser el tamafio corporal, tolerancia al pH, adaptaciones de
alimentacion, entre otras (Schluter, 2000). A veces estas caracteristicas relacionadas con
el nicho evolucionan rapidamente, pero muy a menudo, estos rasgos parecen cambiar

muy lentamente (Peterson et al., 1999; Wiens y Graham, 2005).

La tendencia de las especies y clados a retener sus nichos y rasgos ecol6gicos
relacionados a lo largo del tiempo se denomina conservadurismo de nicho (CN).
Aunque el concepto tiene muchos antecedentes, este termino fue acufiado por primera
vez por Harvey y Pagel en 1991 y posteriormente fue popularizado por muchos otros

(Holt y Gaines, 1992; Peterson et al., 1999; Prinzing et al., 2001).

El concepto de CN es relevante para el SNB ya que explica una variedad de
rasgos, desde los que determinan los ejes abidticos del nicho de una especie, como
pueden ser la tolerancia al frio y la sequia, hasta los que determinan la utilizacion de
recursos (microhabitat, dieta) y otros aspectos de las interacciones interespecificas.
Ademas, el CN puede ocurrir en una variedad de diferentes escalas espaciales,
temporales y filogenéticas (Wiens et al., 2010). El hecho de que el CN pueda ocurrir a
diferentes escalas es parte de lo que lo hace relevante para tantos temas diferentes,
desde patrones intraespecificos, biologia de conservacion, respuestas de especies al
cambio climatico, antropogénico y propagacion de especies invasoras entre otros

(Wiens y Graham, 2005).

Las caracteristicas de las cuevas (condiciones microclimaticas), incluidos los
rangos de humedad y temperatura, son esenciales para el establecimiento de P.
destructans (Badino, 2004a; Perry, 2013), mientras que los movimientos de los

murciélagos y las caracteristicas de los refugios influyen en la probabilidad de infeccion




(Maher et al., 2012), asi como las probabilidades de propagacion a otras colonias de
murciélagos (Thogmartin et al., 2012) y un informe reciente encontré que la mortalidad
por el SNB en Norteamérica se correlaciona con las variables climaticas y del paisaje
(Escobar et al., 2014), siendo mas probable que la mortalidad debida al SNB ocurra en
paisajes montafosos y topograficamente heterogéneos, mas secos y mas frios durante el
invierno, (Flory et al., 2012). Se puede decir entonces que el nicho fundamental del

hongo puede ser mas amplio de lo que hasta ahora se ha documentado.

Las enfermedades emergentes en la vida silvestre plantean desafios
particularmente dificiles para la conservacion debido a su inicio generalmente rapido e
inesperado, altas tasas de mortalidad e interacciones potencialmente complejas. En el
caso del SNB, cuando el hongo ataca a una poblacién de murciélagos se estima una
mortalidad media de 73% (rango 30~99%) en las colonias infectadas (Boyles y Willis,
2010). Los origenes, los mecanismos de dispersion y los modos de muerte a menudo no
se comprenden bien durante una epizootia inicial, lo que dificulta ain mas los esfuerzos
de conservacion y manejo. Las enfermedades emergentes pueden propagarse a nivel
mundial y la mortalidad aumenta mientras los investigadores luchan por comprender la
enfermedad y desarrollar estrategias de manejo efectivas para minimizar la propagacion

(Puechmaille et al., 2011).

Por lo tanto, se considera que la prevencion de la introduccion y el
establecimiento de una enfermedad emergente es la forma més rentable de mitigar las
consecuencias negativas futuras. Un enfoque importante para la prevencion es predecir
las especies con tendencia invasiva y las areas vulnerables a su invasion, que luego
pueden guiar la deteccion temprana y los esfuerzos de respuesta rapida contra las

especies invasoras (Roura-Pascual et al., 2011).




Aunque hasta ahora no hay registros de murciélagos infectados con P.
destructans en México resulta de gran importancia predecir el riesgo, ya que Eptesicus
fuscus y Myotis velifer son especies que se distribuyen a lo largo de Norteamérica
(incluyendo el territorio mexicano) y aunque en México no hibernan las posibilidades
de contacto en cuevas son altas (Lorch et al., 2011). Hasta el momento no hay reportes
que hayan evaluado la susceptibilidad a la infeccién entre los murciélagos neotropicales
de manera experimental y la presente es de las primeras usando modelos de nicho
ecologico. El epicentro en américa del SNB se reportd entre los murciélagos en cuevas
EUA hace solo unos afios, sigue habiendo mucha incertidumbre con respecto a la

ecologia, la epidemiologia y el potencial de cambio de huésped (Reeder et al., 2012).

Desde el primer registro de este sindrome se han hecho diversos estudios,
principalmente histopatolégicos (Cryan et al., 2010; Lorch et al., 2011; Meteyer et al.,
2009), sin embargo, los limites ecolégicos y geograficos del SNB todavia no estan
claros. Se puede decir que el riesgo del SNB y de otras enfermedades emergentes, es
guiado por un sistema complejo de interacciones entre especies de patdgenos-huéspedes
y de éstos con su ambiente, interacciones que hasta ahora no han sido bien identificadas

(LoGiudice et al., 2008).

Gracias a que actualmente las bases de datos y los registros de colecciones
bioldgicas son cada vez més accesibles (Ostfeld et al., 2005) y al mismo tiempo se han
desarrollado una serie de algoritmos que permiten modelar el nicho ecologico de las
especies (e.g., MaxEnt), es posible el uso de estas herramientas para crear modelos de
riesgo a través del analisis de la coincidencia geografica de las especies interactuantes
en el ciclo de una enfermedad (Peterson, 2006; Peterson et al., 2002; Soberon y

Peterson, 2004).




Aunado a esto, el uso de anélisis espaciales complementarios ofrece una
herramienta para entender y visualizar las interacciones entre las especies, que son tan
complejas que no es posible observar a grandes escalas. Mediante estas herramientas
nuevas, las interacciones potenciales se pueden deducir de datos geograficos en lugar de

la observacion directa (Warren et al., 2008).

Por lo anterior, este trabajo esta basado en la hipotesis de que, dado que las
cuevas afectadas con el SNB en Norteamérica estan en climas frios y templados es
posible esperar que existan similitudes climéaticas entre estos ambientes y los que se

encuentran en las cadenas montafiosas de México.
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White-Nose Syndrome risk infection for North American vespertilionid bats in

Mexico

Running title: WNS risk infection for vespertilionid bats in Mexico

Abstract

Aim: To identify potential risk areas for White-Nose Syndrome infection for North
American vespertilionid bats in Mexico.

Location: North America.

Methods: We constructed ecological-niche models to project the potential distributions of
the Asian, European, and North American Pseudogymnoascus destructans fungi strains and
27 vespertilionid bat species across North America. We conducted pairwise-species
comparisons of the niche-models of each of the fungi strains and each bat species. We
estimated the Schoener index for niche overlap (D), the "I" statistic (I), and the Relative
Rank (RR) for each pair of occurrences.

Results: The projected geographic distributions of the three fungi strains in North America
showed differences. The Asian strain showed the most extensive geographic range,
including almost all of Canada and the USA. The European and North American strains
showed smaller geographical ranges that were similar. The potential distributions of the
fungi strains in Mexico include the mountains of the Baja California Peninsula, the Sierra

Madre Occidental, and the Transvolcanic Belt. Additionally, the Asian fungus strain
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potential distribution extended southward into the Sierra Madre del Sur, and other southern
high-altitude areas of Mexico. Lasiurus noctivagans, Eptesicus fuscus, and Myotis lucifugus
were the bat species with the highest ecological niche overlap with P. destructans.

Main conclusions: The European and North American fungi strains showed high ecological
niche similitudes supporting the European origin hypothesis for this syndrome. We
estimated that approximately 50% of vespertilionid bats in Mexico are at risk of WNS

infection based on their potential geographical overlap with P. destructans.

Keywords: Ecological niche modeling, species potential distributions, risk of infection,

Vespertilionid bats, Pseudogymnoascus destructans, White-Nose Syndrome.

Introduction

Many emerging diseases are caused by pathogens that are found in species of terrestrial
vertebrates and transmitted from one individual host to another (Ostfeld & Keesing, 2000).
The transmission of these diseases is an ecological process that involves interactions
between groups of individuals, particularly in gregarious species (Keesing, Holt, & Ostfeld,
2006). This is the case of the White-Nose Syndrome (WNS), a recent emerging disease
caused by Pseudogymnoascus destructans, a fungus that grows in cold environments
(Maher et al., 2012). P. destructans mainly affect bats during hibernation, causing a typical
white halo in their nose, ears, and wing membranes (Reichard & Kunz, 2009). This fungus
invades the skin of bats, affecting their immune system and decreasing fat reserves, causing

early awakening from hibernation during the winter. Awakening usually leads to death by
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freezing or starvation (Blehert et al., 2009; Frank et al., 2016). So far, it is known that P.
destructans affects nine species of North American bats, including several species in the
genus Myotis (M. lucifugus, M. grisescens, M. septentrionalis, M. sodalis, M. leibii, M.
austroriparius, and M. velifer), and Eptesicus fuscus and Perimyotis subflavus (Foley,

Clifford, Castle, Cryan, & Ostfeld, 2011).

Evidence suggests that this fungus is native to Europe, where it shows an increasing
incidence and dissemination (Escobar, Lira-Noriega, Medina-Vogel, & Peterson, 2014;
Martinkova et al., 2010; Puechmaille et al., 2010; Wibbelt et al., 2010). There are also
records of different bat species being infected in Asia (Hoyt et al., 2016). The arrival of the
fungus to North America probably was through anthropogenic activity (Frick et al., 2010;
Leopardi, Blake, & Puechmaille, 2015). Although this fungus has infected bats in three
continents, it does not affect all species equally, with species of bats occurring in Asia and
Europe exhibiting higher tolerance to this disease than North American species (Zukal et

al., 2016).

After it arrived in 2005 to a cave in Albani, New York, the WNS has spread rapidly
throughout North America. By 2019, individuals infected with WNS were confirmed in 34
States of the US and seven Canadian provinces. This rapid dispersion suggests that the
fungus' optimal growth ambient temperature range (4-15 °C) does not represent the species'

thermal niche. It has also been observed that inside caves exist specific microclimatic

conditions that have allowed the fungus to invade and survive in places where weather
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conditions limit the fungus' optimal growth (Badino, 2004; Perry, 2013). While this can
limit our capacity to understand, and predict, the expansion of the WNS, it has been found
that WNS bat mortality in North America correlates with variables occurring in
topographically heterogeneous landscapes. These variables include complex topography,
high elevations, and drier and colder weather during the winter (Escobar et al., 2014; Flory,

Kumar, Stohlgren, & Cryan, 2012).

Emerging diseases in wildlife pose particularly difficult challenges for conservation due to
their generally rapid growth, high mortality rates, and potentially complex interactions
(Peterson, 2008). When the WNS attacks a population of bats, the estimated mortality is
close to 75% (Boyles & Willis, 2010; Puechmaille et al., 2011). This represents a threat to
the conservation of several species, and generates local population extirpations that disrupt
the structure of bat communities (Boyles, Cryan, McCracken, & Kunz, 2011; Jachowski et
al., 2014; Frick et al., 2015). A first step to manage WNS, and counteract these threats is to
determine the geographical areas that present a suitable environment for the fungus to
establish and grow. This information can guide the early detection and rapid response
efforts against the WNS (Roura-Pascual et al., 2011). Although there are no records of bat
species infected with P. destructans in Mexico, it is relevant to predict the risk generated by
this disease in the country. The spread of WNS into Mexico will not only affect local
populations of vespertilionid bats, but could also serve as a source of further dispersion
southwards into Central and South America, as it has occurred with other pathogens

(Escobar et al., 2014; Peterson, Benz, & Papes, 2007). Additionally, Mexico is a
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megadiverse country that presents a high diversity of bat taxa, and the risk of infection of

different families of bats has not been tested (Medellin, 2003).

The complex system of interactions between individuals of different bat species, the
fungus, and environmental variables makes the WNS a multi-factorial emerging disease
(Frick et al., 2015; LoGiudice et al., 2008; Soberén & Nakamura, 2009). Ecological-niche
modeling, projected in geographic space as the species potential distributions, provides a
conceptual and methodological framework for approaching the WSN dispersion into new
areas. In this study, we modeled the potential distribution across North America of three
strains of P. destructans and a group species of bats from the family Vespertilionidae. Our
goals were: (1) to identify the ecological niche similarities of the Asian, European and
American strains of P. destructans, and (2) predict the geographical areas of potential WNS
risk of infection in Mexico by determining areas of overlap among the potential

distributions of P. destructans and those of susceptible species of bats in the country.

Methods

We focused our work on bats species belonging to the family Vespertilionidae. We selected
this family since it includes all species of bats reported as hosts of P. destructans (Blehert
et al., 2009). We built a database of selected species of vespertilionid bats distributed in
North America, and constructed the list of species to be included in our database with
geographic distribution information from the literature, the [IUCN Red List

(https://www.iucnredlist.org) and the Mammals Species of the World
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(www.departments.bucknell.edu/biology/resources/msw3/). Our database included a total
of 27 species of bats (Table 1). For each focal species, we obtained the collection localities
from GBIF (www.gbif.org; last access January 2020), and the Mexican National Mammal
Collection (Coleccion Nacional de Mamiferos) at the Instituto de Biologia, Universidad
Nacional Autonoma de México (CNM-IB). We carefully reviewed our database to
eliminate any suspected misleading occurrence point. We removed doubtful records using
previously published maps for all the species (Natureserve: https://www.natureserve.org;
Ceballos & Oliva 2002), and our knowledge of species ecology and distribution. To model
P. destructans, we downloaded the records of the European strain from GBIF
(www.gbif.org; last access January 2020), while we search the literature for the records of
the Asia and North America fungi strains (Hoyt et al., 2016; Lorch et al., 2016; Timothy,
James, & Jason, 2018; Zukal et al., 2016; see Appendix S1). We corroborated the location

of caves using Google Earth.

We produced ecological niche models projected in the geographic space as species
potential distributions using MaxEnt v.3.4.1
(https://biodiversityinformatics.amnh.org/open_source/maxent/; last accessed February
2020) (Phillips, Anderson, Dudik, Schapire, & Blair, 2017). We built models using the 19
bioclimatic layers of WorldClim (worldclim.org; see Appendix S2). This allowed us to
model using a diverse and complex environmental data set and determine the environment
envelopes of each species (https://www.worldclim.org/data/worldclim21.html). We used

North America (Canada, the US, and Mexico) as the geographical area of dispersion of
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each species (region M sensu Soberén & Peterson, 2009). We ran each model with 100
replicates, 20% test points, and a random seed. We considered a model to have a good fit
when it showed a p < 0.05 in model metrics and an AUC > 0.75 (following Phillips &

Dudik, 2008).

We projected the ecological-niche modeling results on the geographical space using
ArcGIS (Phillips et al., 2017). Once we obtained the species potential geographic
distributions, we estimated the influence of environmental variables on the species of bats
and fungi strains using a Principal Components Analysis (PCA). We conducted a Kruskal-
Wallis test to show whether there were differences in their climatic niche among the
European, Asian, and North American strains of P. destructans. We also generated an
environmental requirement similarity matrix based on euclidean distances, and used the
ENMTools software statistical metrics to estimate the geographical coincidence among all
species included (Warren, Glor, & Turelli, 2008). We ran 100 replicates for each pairwise-
species comparison, and calculated the Schoener index for the niche overlap (D), the "I"
statistic (I), and the Relative Rank (RR) for each pair of occurrences of bats and the fungi
strains. Results ranged from 0 (no overlap) to 1 (complete overlap). Although we calculated
these three metrics, we only present the "I" statistics, as it treats the distributions as
probabilities (Warren et al., 2008), and then compared the observed distribution with

replicated observation distributions.

Results
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The PCA analyses showed that variables associated with precipitation (Bio12 - Annual
Precipitation; and Bio18 - Precipitation of Warmest Quarter) were the variables that
contributed more to the principal component 1 (52% of the explained variance). Variables
associated with both temperature and precipitation (Bio 4 - Temperature Seasonality; and
Biol6 - Precipitation of Wettest Quarter) were the main contributing variables of the
principal component 2 (33% of the explained variance). Myotis lucifugus, M
septentrionalis, M. sodalis, and Eptesicus fuscus were species of bats whose distributions
were influenced by temperature. On the other hand, M. grisescens, Nycticeius humeralis,
and Pipistrellus subflavus were species whose geographic distributions were positively
affected by annual precipitation, but the geographic distributions of M. velifer, M.
californicus, and Lasiurus cinereus, were negatively influenced by this variable (Figure 1).
The species potential geographic distribution models of the 27 species of bats and the

fungus P. destructans showed an average AUC > 0.9.

We found statistical differences among the environmental envelopes of the Asian,
European, and North American fungi strains (Kruskal-Wallis P < 0.05). The Tukey HSD
test showed that both European and North America strains projected environments were
statistically different from the Asian strain (Figure 2). The potential geographic
distributions models of the European and North American strains covered similar
geographical areas of North America, with presence in limited areas northwest Canada, and
clear absences in the southeast of the USA (Figure 3). The Asian fungus strain potential

geographic distribution model predicted its presence in most of North America, including
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all of Canada and the USA (Figure 3). The three fungi strain potential geographic
distributions predicted suitable areas for the establishment and growth of P. destructans in
Mexico. These areas included large regions of northern Mexico in the States of Baja
California, Baja California Sur, Sonora, Chihuahua, Durango, Nuevo Leén, Coahuila, and
Zacatecas. Additionally, some central Mexico areas, including high-altitude portions of the

Transvolcanic Belt, are suitable for the fungus (Figure 3).

The correlation matrix based on bioclimatic variables between species of bats and the three
fungi strains showed that the Asian strain had a moderate negative correlation with all
species of bats (Figure 4). On the other hand, the European fungus strain showed a climatic
correlation with Lasiurus borealis, Myotis leibii, M. lucifugus, M. sodalis, and Pipistrellus
subflavus. Meanwhile, the North American strain showed a climatic correlation with
Eptesicus fuscus, Lasiurus cinereus, Lasionycteris noctivagans, M. peninsularis, M. velifer,
and M. volans (Table 2). The niche overlapping analysis (I index) showed that the Asian
fungus strain had a low niche similarity with all the North American species of
vespertilionid bats included in this study (I index range 0.12 - 0.47). Conversely, the niche
overlap was similar between the American and European fungi strains and E. fuscus,
Corynorhinus townsendii, L. cinereus, L. noctivagans, M. ciliolabrum, M. evotis, M.
lucifugus, M. velifer, M. volans, and M. yumanensis (Table 2; see Appendix S3 and

Appendix S4).

Discussion
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The similarity of the ecological niche between the European and the North American fungi
strains supports the hypothesis that P. destructans was introduced to North America from
Europe. The North American strain appears to have retained the climatic niche width of the
European strain (Leopardi et al., 2015). However, it seems to be adjusting to novel
environmental conditions in North America (Escobar et al. 2014). The ecological niche of
the Asian fungus strain was different from both the European and the North American
strains (Figure 2). This indicates that the Asian strain responds differently to novel
environments, and that P. destructans appear to track changes in climatic conditions (Barve

et al., 2011), presenting regional adaptations.

The different responses that the three strains of P. destructans have shown to environmental
variables, and the presence of this fungus in areas of North America with precipitation and
temperature different than those it occupies in Europe, indicate the existence of significant
challenges for evaluating WNS risk of infection for vespertilionid bats in Mexico and other
geographic areas where this fungus is not yet present. P. destructans is still spreading in
North America, suggesting that its climatic niche is broader than expected (Hallam &
Federico, 2012). This hypothesis is supported by the fact that the Asian strain occurs in
different environmental conditions than the other two strains. While our potential
geographic distribution model for the Asian strain offers further information about new
environmental conditions where this fungus can grow in North America, due to the limited
number of localities available for this strain (Escobar et al., 2014; Merow, Smith, &

Silander Jr, 2013), its results should be considered as an underestimation (see below).
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Nonetheless, our potential geographic distribution models for the European and North
American fungi strains are a critical tool to identify WNS risk areas of infection for

vespertilionid bats in all of North America.

Our P. destructans potential geographic distribution model for North America included
areas where the first case of WNS infection occurred. It also included the majority of sites
where the fungus has been reported (%), although it did not identify all the known WNS
areas (%). One possible cause for these omission areas is that our ecological niche model
was based exclusively on bioclimatic variables. The presence of the fungus is the result of a
combination of climatic, as well as microclimatic variables that include the humidity,
temperature, and seasonal variability inside of each cave. All these factors are essential for
the establishment and growth of P. destructans (Wilder, Frick, Langwig, & Kunz, 2011).
While this microclimate scale cannot be reflected in our modeling approach, it is important
to notice both the landscape and the regional climate influence the microclimatic conditions
within the caves (Badino, 2004; Perry, 2013). There is also evidence that the mortality of
bats in North America due to the WNS correlated with the landscape habitat and regional

climatic variables (Escobar et al., 2014).

In the case of Mexico, the projected distribution of P. destructans included the Sierra
Madre in the Baja California Peninsula, the Sierra Madre Occidental, and part of the
Transvolcanic Belt in central Mexico (Figure 3). We consider that our modeling approach

of P. destructans in Mexico is adequate, given the observed high ecological niche
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similarities between the European and the North American fungi strains (Figure 4;
Supplemental material 3). Additionally, the most important climatic variable from our
ecological-niche model was the average temperature of the coldest four-month period. It is
known that this fungus is psychrophilic, preferring temperatures lower than 20°C, a
climatic condition similar to the temperatures present in the highlands of these mountain
ranges in Mexico (Figure 4). Thus, a geographic overlap between the potential geographic
distribution of the fungus and those of different species of bats will likely result in areas
with a high WNS infection risk for populations of vespertilionid bats (Supplemental
material 3 and 4). The coarse-grained geographical overlap can be further refined by adding
landscape habitat and regional climatic layers and microclimatic variables inside caves

(Escobar et al., 2014).

Because WNS transmission has been confirmed among species of bats sharing roosting
sites inside caves, it would be particularly important to investigate if migratory species of
bats can carry the fungus into new locations. For example, Lasiurus cinereus migrates from
Canada and the US to México flying more than 1,000 km each year (Constantine, 2003). L.
cinereus has been identified as resistant to WNS infection in the epizootic areas (Dzal,
McGuire, Veselka, & Fenton, 2011), and its long migratory behavior offers clear
opportunities for P. destructans to spread into southern areas inside Mexico (Peterson,
2006). Furthermore, Eptesicus fuscus, Myotis velifer, and Tadarida brasiliensis exhibit

extensive migration routes where P. destructans can be dispersed southwards into areas
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with suitable ecological conditions. This has been observed for other zoonotic diseases, as

in migratory bird species dispersing HSN1 virus (Peterson et al., 2007).

Another species of bat posing a challenge for studying WNS risk areas of infection in
Mexico is Eptesicus fuscus. This bat is abundant in Mexico, and while it was not present in
the projected potential WNS risk areas, individuals of this species have tested positive for
WNS in the USA (Meteyer et al., 2009). Thus, a potential risk exists for populations of E.

fuscus occurring in Mexico, given its wide distribution (Ceballos & Olivia, 2002).

Our models allowed us to identify eight species of bats that live in similar environmental
conditions to P. destructans, and as a result, present a high risk of infection with WNS.
These species represent approximately 50% of vespertilionid bats occurring in Mexico
(Table 2). Moreover, several of these species are included in a category of conservation
treat due to high rates of deforestation, according to the Mexican risk-species act
(Lasionycteris noctivagans, Myotis evotis y Myotis planiceps; NOM 059-2010). The
combined potential impact of deforestation and zoonotic diseases as the WNS on
vespertilionid bat populations remains unclear. This is an important topic for further
research, due to the dramatic ecological consequences that a population decline of these
species can have at the ecosystem level (Kunz, de Torrez, Bauer, Lobova, & Fleming,

2011).
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Our study identified potential areas of WNS risk infection for vespertilionid bats in
Mexico. Despite the limitations of our modeling approach, such as not including fine-
grained landscape habitat and regional climate variables, as well as the microclimatic
variables found inside caves, it can serve as a geographical platform to select specific sites
for conducting more detailed studies. While we focused on vespertilionid bats due to their
sensibility to WNS, it is crucial to consider that bats from different families are known to
share roosts with them (Thogmartin, King, Szymanski, & Pruitt, 2012). Whether other
species of bats are at risk of being infected with WNS when roosting inside caves holding
vespertilionid colonies remains to be investigated. Future goals for addressing WNS risk of
infection in species of bats in Mexico include corroborating the presence of the fungus in
the geographical areas predicted by our models and determining the presence of P.
destructans along bat-migratory routes. These research directions will help to identify fine-
grained areas of WNS risk of infection in species of bats and contribute to establishing
management strategies for bat conservation in North America.
References
Badino, G. (2004). Cave temperatures and global climatic change. International
Journal of Speleology, 33(1), 10.
Barve, N., Barve, V., Jiménez-Valverde, A., Lira-Noriega, A., Maher, S. P.,
Peterson, A. T., . .. Villalobos, F. (2011). The crucial role of the accessible
area in ecological niche modeling and species distribution modeling.

Ecological Modelling, 222(11), 1810-1819.

Diversity and Distributions

Page 14 of 37



Page 15 of 37

oNOYTULT D WN =

Diversity and Distributions

15

Blehert, D. S., Hicks, A. C., Behr, M., Meteyer, C. U., Berlowski-Zier, B. M.,
Buckles, E. L., . . . Niver, R. (2009). Bat white-nose syndrome: an emerging
fungal pathogen? Science, 323(5911), 227-227.

Boyles, J. G., Cryan, P. M., McCracken, G. F., & Kunz, T. H. (2011). Economic
importance of bats in agriculture. Science, 332(6025), 41-42.

Boyles, J. G., & Willis, C. K. R. (2010). Could localized warm areas inside cold
caves reduce mortality of hibernating bats affected by whitelInose
syndrome? Frontiers in Ecology and the Environment, 8(2), 92-98.

Ceballos, G., & Oliva, G. (2002). Los mamiferos silvestres de México.

Constantine, D. G. (2003). Geographic translocation of bats: known and potential
problems. Emerging infectious diseases, 9(1), 17.

Dzal, Y., McGuire, L. P., Veselka, N., & Fenton, M. B. (2011). Going, going, gone:
the impact of white-nose syndrome on the summer activity of the little
brown bat (Myotis lucifugus). Biology letters, 7(3), 392-394.

Escobar, L. E., Lira-Noriega, A., Medina-Vogel, G., & Peterson, A. T. (2014).
Potential for spread of the white-nose fungus (Pseudogymnoascus
destructans) in the Americas: use of Maxent and NicheA to assure strict
model transference. Geospatial health, 221-229.

Flory, A. R., Kumar, S., Stohlgren, T. J., & Cryan, P. M. (2012). Environmental
conditions associated with bat whitel/nose syndrome mortality in the

northl[leastern United States. Journal of Applied Ecology, 49(3), 680-689.

Diversity and Distributions



oNOYTULT D WN =

Diversity and Distributions

16

Foley, J., Clifford, D., Castle, K., Cryan, P., & Ostfeld, R. S. (2011). Investigating
and managing the rapid emergence of whitel Inose syndrome, a novel, fatal,
infectious disease of hibernating bats. Conservation biology, 25(2), 223-231.

Frank, C. L., Ingala, M. R., Ravenelle, R. E., Dougherty-Howard, K., Wicks, S. O.,
Herzog, C., & Rudd, R. J. (2016). The effects of cutaneous fatty acids on the
growth of Pseudogymnoascus destructans, the etiological agent of white-
nose syndrome (WNS). PLoS One, 11(4).

Frick, W. F., Pollock, J. F., Hicks, A. C., Langwig, K. E., Reynolds, D. S., Turner,
G. G, ... Kunz, T. H. (2010). An emerging disease causes regional
population collapse of a common North American bat species. Science,
329(5992), 679-682.

Frick, W. F., Puechmaille, S. J., Hoyt, J. R., Nickel, B. A., Langwig, K. E., Foster,
J. T., ... Haarsma, A. J. (2015). Disease alters macroecological patterns of
North American bats. Global Ecology and Biogeography, 24(7), 741-749.

Hallam, T. G., & Federico, P. (2012). The panzootic white[Inose syndrome: An
environmentally constrained disease? Transboundary and emerging
diseases, 59(3), 269-278.

Hoyt, J. R., Sun, K., Parise, K. L., Lu, G., Langwig, K. E., Jiang, T., . . . Feng, J.
(2016). Widespread Bat White-Nose Syndrome Fungus, Northeastern China.
Emerging infectious diseases, 22(1), 140-142. doi:10.3201/eid2201.151314

Jachowski, D. S., Dobony, C. A., Coleman, L. S., Ford, W. M., Britzke, E. R., &

Rodrigue, J. L. (2014). Disease and community structure: whitel Inose

Diversity and Distributions

Page 16 of 37



Page 17 of 37

oNOYTULT D WN =

Diversity and Distributions

17

syndrome alters spatial and temporal niche partitioning in sympatric bat
species. Diversity and Distributions, 20(9), 1002-1015.

Keesing, F., Holt, R. D., & Ostfeld, R. S. (2006). Effects of species diversity on
disease risk. Ecology letters, 9(4), 485-498.

Kunz, T. H., de Torrez, E. B., Bauer, D., Lobova, T., & Fleming, T. H. (2011).
Ecosystem services provided by bats. Europe, 31, 32.

Leopardi, S., Blake, D., & Puechmaille, S. J. (2015). White-nose syndrome fungus
introduced from Europe to North America. Current Biology, 25(6), R217-
R219.

LoGiudice, K., Duerr, S. T. K., Newhouse, M. J., Schmidt, K. A., Killilea, M. E., &
Ostfeld, R. S. (2008). Impact of host community composition on Lyme
disease risk. Ecology, 89(10), 2841-2849.

Lorch, J. M., Meteyer, C. U., Behr, M. J., Boyles, J. G., Cryan, P. M., Hicks, A. C.,
... Reeder, D. M. (2011). Experimental infection of bats with Geomyces
destructans causes white-nose syndrome. Nature, 480(7377), 376-378.

Lorch, J. M., Palmer, J. M., Lindner, D. L., Ballmann, A. E., George, K. G., Griffin,
K., ... Anderson, C. D. (2016). First detection of bat white-nose syndrome
in western North America. MSphere, 1(4).

Mabher, S. P., Kramer, A. M., Pulliam, J. T., Zokan, M. A., Bowden, S. E., Barton,
H.D., ... Drake, J. M. (2012). Spread of white-nose syndrome on a network

regulated by geography and climate. Nature communications, 3(1), 1-8.

Diversity and Distributions



oNOYTULT D WN =

Diversity and Distributions

18

Martinkova, N., Backor, P., Bartonicka, T., Blazkova, P., Ceweny, J., Falteisek, L.,
. . . Hubdlek, Z. (2010). Increasing incidence of Geomyces destructans
fungus in bats from the Czech Republic and Slovakia. PLoS One, 5(11).

Medellin, R. (2003). Diversity and Conservation of Bats in Mexico: Research
Priorities, Strategies, and Actions. Wildlife Society Bulletin, 31, 87-97.
doi:10.2307/3784362

Merow, C., Smith, M. J., & Silander Jr, J. A. (2013). A practical guide to MaxEnt
for modeling species’ distributions: what it does, and why inputs and
settings matter. Ecography, 36(10), 1058-1069.

Merritt, J. F. (2010). The biology of small mammals: JHU Press.

Meteyer, C. U., Buckles, E. L., Blehert, D. S., Hicks, A. C., Green, D. E., Shearn-
Bochsler, V., . . . Behr, M. J. (2009). Histopathologic criteria to confirm
white-nose syndrome in bats. Journal of Veterinary Diagnostic
Investigation, 21(4), 411-414.

Ostfeld, R. S., Glass, G. E., & Keesing, F. (2005). Spatial epidemiology: an
emerging (or re-emerging) discipline. Trends in ecology & evolution, 20(6),
328-336.

Ostfeld, R. S., & Keesing, F. (2000). Biodiversity series: the function of
biodiversity in the ecology of vector-borne zoonotic diseases. Canadian
Journal of Zoology, 78(12), 2061-2078.

Perry, R. W. (2013). A review of factors affecting cave climates for hibernating bats

in temperate North America. Environmental Reviews, 21(1), 28-39.

Diversity and Distributions

Page 18 of 37



Page 19 of 37

oNOYTULT D WN =

Diversity and Distributions

19

Peterson, A. T. (2006). Ecological niche modeling and spatial patterns of disease
transmission. Emerging infectious diseases, 12(12), 1822.

Peterson, A. T. (2008). Biogeography of diseases: a framework for analysis.
Naturwissenschaften, 95(6), 483-491.

Peterson, A. T., Benz, B. W., & Papes, M. (2007). Highly pathogenic H5N1 avian
influenza: entry pathways into North America via bird migration. PLoS one,
2(2).

Peterson, A. T., Sanchez-Cordero, V., Beard, C. B., & Ramsey, J. M. (2002).
Ecological niche modeling and potential reservoirs for Chagas disease,
Mexico. Emerging infectious diseases, 8(7), 662.

Phillips, S. J., Anderson, R. P., Dudik, M., Schapire, R. E., & Blair, M. E. (2017).
Opening the black box: An openlIsource release of Maxent. Ecography,
40(7), 887-893.

Phillips, S. J., & Dudik, M. (2008). Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography, 31(2), 161-
175.

Puechmaille, S. J., Frick, W. F., Kunz, T. H., Racey, P. A., Voigt, C. C., Wibbelt,
G., & Teeling, E. C. (2011). White-nose syndrome: is this emerging disease
a threat to European bats? Trends in ecology & evolution, 26(11), 570-576.

Puechmaille, S. J., Verdeyroux, P., Fuller, H., Gouilh, M. A., Bekaert, M., &
Teeling, E. C. (2010). White-nose syndrome fungus (Geomyces destructans)

in bat, France. Emerging infectious diseases, 16(2), 290.

Diversity and Distributions



oNOYTULT D WN =

Diversity and Distributions

20

Reichard, J. D., & Kunz, T. H. (2009). White-nose syndrome inflicts lasting injuries
to the wings of little brown myotis (Myotis lucifugus). Acta
Chiropterologica, 11(2), 457-464.

Roura-Pascual, N., Hui, C., Ikeda, T., Leday, G., Richardson, D. M., Carpintero, S.,

. Hartley, S. (2011). Relative roles of climatic suitability and
anthropogenic influence in determining the pattern of spread in a global
invader. Proceedings of the National Academy of Sciences, 108(1), 220-225.

Soberén, J., & Nakamura, M. (2009). Niches and distributional areas: concepts,
methods, and assumptions. Proceedings of the National Academy of
Sciences, 106(Supplement 2), 19644-19650.

Soberon, J., & Peterson, A. T. (2009). Monitoring biodiversity loss with primary
species-occurrence data: toward national-level indicators for the 2010 target
of the convention on biological diversity. AMBIO: A Journal of the Human
Environment, 38(1), 29-34.

Soberon, J., & Peterson, T. (2004). Biodiversity informatics: managing and
applying primary biodiversity data. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 359(1444), 689-698.

Thogmartin, W. E., King, R. A., Szymanski, J. A., & Pruitt, L. (2012). Space-time
models for a panzootic in bats, with a focus on the endangered Indiana bat.

Journal of Wildlife Diseases, 48(4), 876-887.

Diversity and Distributions

Page 20 of 37



Page 21 of 37

oNOYTULT D WN =

Diversity and Distributions

21

Timothy, M. W., James, E. W., & Jason, R. (2018). New Record of Northern Long-
eared Bats in Coastal South Carolina. Southeastern Naturalist, 17(1).
doi:10.1656/058.017.0112

Warren, D. L., Glor, R. E., & Turelli, M. (2008). Environmental niche equivalency
versus conservatism: quantitative approaches to niche evolution. Evolution:
International Journal of Organic Evolution, 62(11), 2868-2883.

Wibbelt, G., Kurth, A., Hellmann, D., Weishaar, M., Barlow, A., Veith, M., . . .
Bontadina, F. (2010). White-nose syndrome fungus (Geomyces destructans)
in bats, Europe. Emerging infectious diseases, 16(8), 1237.

Wilder, A. P., Frick, W. F., Langwig, K. E., & Kunz, T. H. (2011). Risk factors
associated with mortality from white-nose syndrome among hibernating bat

colonies. Biology Letters, 7(6), 950-953.

Zukal, J., Bandouchova, H., Brichta, J., Cmokova, A., Jaron, K. S., Kolarik, M., . . .
Orlov, O. (2016). Corrigendum: White-nose syndrome without borders:
Pseudogymnoascus destructans infection tolerated in Europe and Palearctic

Asia but not in North America. Scientific reports, 6.

Diversity and Distributions



oNOYTULT D WN =

Diversity and Distributions

Page 22 of 37

Figure 1
-8 -6 -4 =2 0 2 4
| \ | | | \ |
Lain Nihu  pigy
b i Mygrbigilo;\i/'a Myle
018
g —Myfo vbiolG [ Labo Zii?g
: Myse
2 bio4
N ——
=N —s Myl
o Mype
'®) Lano
o
~ ) Myev
O' —
[ MyplAnpa Myvo
Biss Myci
<
d —
|
1 1 1 |
-0.4 -0.2 0.0 0.2
PC1
Figure 2
% -
. — A
I ) — .
o N
w °
8
2 i
I T T
AMERICA ASIA EUROPE

Diversity and Distributions




Page 23 of 37

Figure 3

U500

1070w

10500

Diversity and Distributions

10000

90°C0W

oNOYTULT D WN =

00CN

I Ve )
unbhwNn-=0
250N

2000N

—_
(o)}

—_
~N

18 2| f i Value

g . 0,99
19 2| § . 0,55
20 - 0,00

E L4 Europe fungi strain
2 ’I b} ¥
P 4 3 3 g 2o e ot

22 o R T e T

;’ NSTCW 1000w A0S 0CW 10C 00w ELRats 800V 85 00"
23
24

: 50O 170°00"W ACE0'OWY 100°00"W 2500 00°0'0"W 850"
25 ]
26

£

27 ;

z d
28 : g
29
30

w w ww
A wWN =
250eN

w
[9,]
200N

AW www
O OV 0N
H

har

Value
0,99
0,55
0,00

@ North America fungi strain

b
w N

b A f P = v vy
£ H
HSTON G WS TOW 100760 SOV OTW B UL
NS0T 1OGoW 105°00" 10000 W 95°00W 00T 8500

tuumuubdbDdDDdDNDNDNDN
WN =0V NO UV H
25 TN 30N

2 0N

[0}
N

(S, BNC BN, RV, |
00 NOY W,
15EON

w
O

Value

0,99
m

0,55
0,00

= Asian fungi strain

20°TCN

250N

20°T0N

500N

A0°CON

300N

000N

25°00N

2050N

150N

3000

25°0CN

200N

15CON

(o))
o

NSTCH

NG

105700

100 T

956UV

B 8GO

Diversity and Distributions



oNOYTULT D WN =

Figure 4

w2 QOO
coto @GS
B 9O@
Labl

Labo

Lac 990
Lain

Lano @ 9@
Myau @@
Myca

Myci @@
myev @GS
Myfo

Myar

Myle

Mylu | @ @
Mype

Myrl @ @
Myse

Myso

wyih @@ &
vye @O@
o @OO
wy @O
Nyhu

Pine @@

Pisu

PsdeNAm [ ]
PsdeAs
PsdeE

Labl
Labo

.‘. Laci

@

Lain

@

Diversity and Distributions

2%3’a$§5238388§2§§
8223323555555 3
o 00 L [JeX 1]
o 00 ® O [ X1 X
@ ® @ B I
®
& @ ( I}
® oo e © o000
[ ) ® @ 9000
® oo ® O o
e e O oo
oo 00 ® ( L1 L]
.. ®
®
o o ®
@ @ e 000
® @
® oo¢ @ ® o
® ®
o9 =Y
-9 00 ® 00200
@ o ® 000
or 00 c e 0000
® @ El 900
@ @
[ LY 1] [ ] ® o
® o0
@ ' ® ® o
? @
@ 8 Y

Diversity and Distributions

Nyhu

09 rie

Pisu

PsdeNAm
PsdeAs

PsdeE

0.8

0.6

r 04

r 0.2

r -0.2

- -04

-0.6

-0.8

Page 24 of 37



Page 25 of 37

Table 1
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9 Species

+ +
Positive Confirmed

Corynorhinus townsendii

18 Eptesicus fuscus

Lasionycteris noctivagans

26 Lasiurus blossevillii

Lasiurus borealis

33 Lasiurus cinereus

36 Lasiurus intermedius

39 Myotis auriculus

Myotis californicus

46 Myotis ciliolabrum

49 Myotis evotis

52 Myotis fortidens
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Myotis grisescens X
Myotis leibii X
Myotis lucifugus X
Myotis peninsularis

Myotis planiceps

Myotis septentrionalis X
Myotis sodalis X
Myotis thysanodes

Myotis velifer X
Myotis volans X
Myotis yumanensis X
Nycticeius humeralis

Pipistrellus hesperus

Pipistrellus subflavus X
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Table 2

SPECIES North American  Europe  Asian

oNOYTULT D WN =

Corynorhinus townsendii  0.65 0.62 0.32

16 Eptesicus fuscus 0.67* 0.67* 0.47

19 Lasiurus cinereus 0.66* 0.64 0.48

22 Lasionycteris noctivagans 0.71** 0.75* 0.44

Myotis ciliolabrum 0.64* 0.63* 0.34

29 Myotis evotis 0.71* 0.68 0.40

32 Myotis lucifugus 0.68* 0.66* 0.32

35 Myotis velifer 0.70** 0.67* 0.46

Myotis volans 0.63 0.66* 0.32

Myotis yumanensis 0.64* 0.65 0.34
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Appendix S1
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Fungus Strain Longitude Latitude

PsdeAm -78.675863 38.597419
PsdeAm -88.117382 37.493817
PsdeAm -78.204445 40.605839
PsdeAm -80.175066 37.252136
PsdeAm -74.394446 42.696234
PsdeAm -81.938589 35.919385
PsdeAm -85.409156 35.019545
PsdeAm -85.654242 35.53015
PsdeAm -86.058786 37.116187
PsdeAm -83.124325 38.371147
PsdeAm -86.339224 38.374964
PsdeAm -86.137293 38.060266
PsdeAm -85.817286 38.432501
PsdeAm -86.272812 38.191675
PsdeAm -91.332054 39.686533
PsdeAs 125.90332 44.02449
PsdeAs 115.87138  39.6577
PsdeAs 124.07611 41.28861
PsdeAs 124.05194 41.26833
PsdeAs 124.07388 41.26611
PsdeAs 124.28166 41.26638
PsdeAs 117.08833 36.24944
PsdeAs 118.21667 36.48277
PsdeAs 118.42444 36.16222
PsdeAs 118.64777 36.24944
PsdeE 10.5 51.4
PsdeE 26.6 48.7
PsdeE 10.5 51.4
PsdeE 5.3 49.8
PsdeE 7.2 49.4
PsdeE 0.7 45.1
PsdeE 13.7 50.73
PsdeE 9.3 495
PsdeE 10.5 51.4
PsdeE 10.5 51.4
PsdeE 5.9 52
PsdeE -2.1 47.7
PsdeE 5.3 50.4
PsdeE 9.3 52.1
PsdeE 9.3 52.1
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Appendix S2

Code

Description

BIO1

B102

BIO3

BIO4

B105

B106

BIO7

BIO8

BIO9

BIO10

BIO11

BIO12

B1013

BIO14

BIO15

BIO16

BIO17

B1018

B1019

Annual Mean Temperature

Mean Diurnal Range (Mean of monthly (max temp - min temp))
Isothermality (BIO2/BIO7) (x100)

Temperature Seasonality (standard deviation x100)
Max Temperature of Warmest Month

Min Temperature of Coldest Month

Temperature Annual Range (BIO5-B106)

Mean Temperature of Wettest Quarter

Mean Temperature of Driest Quarter

Mean Temperature of Warmest Quarter

Mean Temperature of Coldest Quarter

Annual Precipitation

Precipitation of Wettest Month

Precipitation of Driest Month

Precipitation Seasonality (Coefficient of Variation)
Precipitation of Wettest Quarter

Precipitation of Driest Quarter

Precipitation of Warmest Quarter

Precipitation of Coldest Quarter
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Figure legends

Figure 1. Ordination of vespertilionid species using a PCA according to the 19 bioclimatic
variables used to model their species potential distributions. Coto, Corynorhinus
townsendii; Epfu, Eptesicus fuscus; Lano, Lasionycteris noctivagans; Labl,

Lasiurus blossevillii; Labo, L. borealis; Laci, L. cinereus; Lain, L. intermedius; Myau,
Mpyotis auriculus; Myca, M. californicus; Myci, M. ciliolabrum; Myev, M. evotis; Myfo, M.
fortidens,; mygr, M. grisescens; Myle, M. leibii; Mylu, M. lucifugus; Mype, M.
peninsularis; Mypl, M. planiceps; Myse, M. septentrionalis; Myso, M. sodalis; Myth, M.
thysanodes; Myve, M. velifer; Myvo, M. volans; Myyu, M. yumanensis; Nyhu, Nycticeius

humeralis; Pihe, Pipistrellus hesperus; Pisu, P. subflavus.

Figure 2. Environmental envelopes for the three fungi strains of Pseudogymnoascus
destructans. No significant differences were observed between the European and North
American fungi strains. However, there were significant differences between the Asian and
the European and North American fungi strains. Different letters mean statistical

differences.

Figure 3. Potential distributions (red) of European (A), North American (B), and Asian (C)
P. destructans fungi strains. Upper right squares show North American projections. Bottom
left squares show the presence points used for producing the three fungi strain ecological

niche models.
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Figure 4. Correlation matrix between species of vespertilionid bats and the fungus P.
destructans habitat characteristics. Circle size indicates the strength of the Pearson
correlation coefficient. Blue circles showed positive and red circles negative correlations

between species of bats and the fungus. Acronyms of species are listed in Figure 1.

Table captions

Table 1. List of species of vespertilionid bats with distribution in North America. Species
of bats reported as positive and confirmed with the WSN are indicated. Positive = Bat
species on which Pseudogymnoascus destructans has been detected, but no diagnostic sign
of white-nose syndrome has been documented. Confirmed = Bat species identified with

diagnostic symptoms of white-nose syndrome.

Table 2. Species of vespertilionid bats with higher ecological niche overlap (I index) values
(P > 0.5) with the North American, European, and Asian P. destructans fungi strains,
respectively. Asterisks show a high (*) and very high (**) statistical similarities between

observed and expected ecological niches.
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DISCUSION GENERAL

La similitud de nicho que existe entre el modelo construido con la cepa europea y la
norteamericana apoya la teoria de que P. destructans fue introducido a Norteamérica
desde una poblacion europea (Leopardi et al., 2015). Sin embargo, sigue en duda por
qué el hongo no afecta de la misma manera a murciélagos de ambos continentes.
Puechmaille y colaboradores (2011) propusieron que la comparacion de la expresion
génica inmune en diferentes tejidos de murciélagos europeos y norteamericanos
infectados con P. destructans, en paralelo con las comparaciones de los niveles de
expresion génica entre los aislados de P. destructans europeos y norteamericanos podria
proporcionar informacion valiosa sobre la naturaleza de la interaccion y co-evolucion
entre el hongo y el huésped, como se ha demostrado para otros hongos patégenos
(Voyles et al., 2015). Por ejemplo, los estudios que se hicieron para describir las vias
moleculares involucradas en la patogenicidad de Batrachochytrium dendrobatidis, un
hongo quitrido que afecta a los anfibios causdndoles la enfermedad denominada
quitridiomicosis, y Magnaporthe oryzae un hongo patdgeno de arroz que produce la

enfermedad piriculariosis. (Oh et al., 2008; Rosenblum et al., 2008)

La proyeccion de nicho para P. destructans en Norteamérica muestra el area
donde se dio el primer caso de infeccion de SNB, asi como la mayoria de los sitios
donde se ha reportado el hongo, aunque no identifica todas las areas positivas. Si bien,
el paisaje y el clima influyen en las condiciones microclimaticas dentro de las cuevas
(Badino, 2004a; Perry, 2013), un informe reciente encontré que la mortalidad del SNB
en América del Norte se correlaciona con las variables climaticas y del paisaje ya que

los murciélagos despiertan prematuramente de la hibernacion (Escobar et al., 2014).
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Caracteristicas del interior de la cueva, incluidos los rangos de humedad y temperatura
que son esenciales para el establecimiento de P. destructans y este microclima pueden

no verse reflejadas en los modelos de nicho (Wilder, et al., 2011).

En este sentido, una de las principales preocupaciones sobre el uso de variables
biocliméticas para modelar nichos y distribuciones de especies subterraneas es que estas
variables pueden no representar adecuadamente las condiciones subterrdneas. Sin
embargo, se ha documentado que la temperatura del compartimiento subterraneo
generalmente refleja el régimen climéatico en la superficie (Badino, 2010; Moore y
Sullivan, 1964; Smithson, 1991). A pesar de que la temperatura subterrdnea aumenta
con la profundidad debido al gradiente geotérmico, las cuevas suelen exhibir
temperaturas relativamente constantes (Badino, 2004b, 2005; Brookfield et al., 2017),
debido a que éstas mantienen sus temperaturas por interaccion con elementos externos,
como puede ser la temperatura externa anual (Mammola y Leroy, 2018). Esto favorece
el uso de los modelos de nicho para predecir la distribucion de biota subterranea o

cavernicola, como es el caso de P. destructans.

Por lo tanto, es posible aproximar el microclima del compartimento en cuevas
sobre la base de predictores climéaticos externos (Mammola, 2017), especialmente la
temperatura media anual. Las variables bioclimaticas relacionadas con los maximos y
minimos también resultan utiles para representar las condiciones que se encuentran en
los sectores mas externos de las cuevas (Novak et al., 2014). Las variables bioclimaticas
relacionadas con la precipitacion pueden reflejar la susceptibilidad de ciertos habitats

subterraneos a la perturbacion (Ortufio et al., 2013).

Los modelos construidos para México muestran que la Sierra de California, la

Sierra Madre Occidental y parte de la Faja Volcanica Transmexicana tienen las
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caracteristicas climaticas adecuadas para que se desarrolle P. destructans. La variable
que tuvo mayor porcentaje de contribucién a la construccion del modelo fue la
temperatura promedio del cuatrimestre mas frio. Se sabe que este hongo es psicrofilo, es
decir que prefiere las temperaturas menores a los 20° C (Muller et al., 2013), mismas
temperaturas que son caracteristicas de las regiones altas de las sierras antes

mencionadas (Garcia-Morales et al., 2016).

Los nichos potenciales de las especies L. noctivagans, E. fuscus, M. lucifugus y
M. evotis se sobreponen significativamente con el nicho potencial de P. destructans.
Esto soporta la evidencia empirica que hay y le da robuztes a los modelos construidos.
Lasionycteris noctivagans se refugia principalmente en huecos de arboles y cuevas, esta
considerada como una especie migratoria, o que supone un peligro ya que esta especie
ha sido positiva para SNB y su rango de migracion es amplio, yendo desde el sur de
Canadé hasta el noreste de México (Campbell et al., 1996). Existe una estrecha relacién
entre la especie y los bosques templados deciduos de la porcién media-oeste de los
Estados Unidos. Por otra parte, el valor del indice de Schoener (D>0.5) indica que el
nicho de L. noctivagans se sobrepone con el de otras nueve especies de murciélagos (C.
towsendii, E. fuscus, L. cinereus, M. yumanensis, M. volans, M. thysanoides, M.
lucifugus, M. ciliolabrum y M. evotis), evidenciando que emplean un nicho climatico
similar. Es una especie con distribucion marginal en México lo que la hace vulnerable a

su extincion local (McGuire et al., 2012).

Eptesicus fuscus es una especie abundante en los bosques de coniferas, se
refugia en graneros, casas, iglesias, huecos de arboles y cuevas, después del periodo de
hibernacion las hembras adultas forman colonias de entre 5 y 700 individuos en
regiones montafiosas (Hulgard et al., 2016) La hibernacion comienza en noviembre, los

machos comienzan su torpor después de la hembra, los sitios de hibernacion son frios
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secos y con corrientes de aire. Este murciélago es abundante en México y se considera
fuera de las listas de riesgo (Reeder et al., 2012). Sin embargo, hay registros de que esta
especie ha sido positiva para SNB y al tener una amplia distribucion geogréafica podria
ser una entrada del hongo a México. Presentd valores por encima de 0.5 en el analisis de
sobreposicién de nicho con nueve especies (C. towsendii, L. cinereus, L. noctivagans,
M. californicus, M. ciliolabrum, M. lucifugus, M. thysanoides, M. volans y M.

yumanensis).

Myotis evotis se refugia principalmente formando grupos de unas pocas docenas
de individuos en edificios viejos, construcciones de madera, cuevas y fisuras en las
rocas, en algunos sitios se encuentra en simpatria con M. auricularus (Anthony y
Sanchez, 2019). Se le encuentra principalmente en bosques de coniferas de las montafias
0 en los bosques lluviosos templados. En Meéxico, fue encontrado en un matorral
xeréfilo en condiciones atipicas para esta especie (Segura-Trujillo et al., 2018). Se
encuentran desde el nivel del mar hasta los 3000 msnm y no se encuentra en ninguna
lista oficial de especies amenazadas. En Estados Unidos y Canada, tiene una
distribucion amplia y es relativamente abundante. Aungue hasta ahora no hay registros
de individuos con SNB ni positivos para P. destructans, su nicho se sobrepone con el de
C. towsendii, L. noctivagans, M. volans y M. yumanensis (D>0.5), especies que han sido

infectadas con el hongo.

El area de distribucion de M. lucifugus abarca el norte de los Estados Unidos de
America y el sur de Canada, en México solo hay un registro en la CDMX (Jeremy et al.,
2016). Esta especie se ha reportado positiva para SNB e interactia con E. fuscus, L.
noctivagans y M. septentrionalis, que de igual manera han sido especies positivas a

SNB.

53



Corynorhinus towsendii tuvo valores por arriba de 0.65 en sobreposicion de
nicho con P. destructans; asimismo tuvo sobreposicion para 11 especies de
vespertillionidos (E. fuscus, L. cinerues, L. noctivagans, M. californicus, M.
ciliolabrum, M. evotis, M. thysanoides, M. velifer, M. volans, M, yumanensis y P.

hesperus), ademas de que en esta especie ya se ha reportado el hongo.

Corynorhinus towsendii se ha capturado en cuevas frias y himedas, aunque el
sitio sea seco. Mantienen un torpor diario como patrén de termorregulacion, es posible
que en el norte de México presenten una verdadera hibernacién, se le encuentra hasta
los 2300 msnm. Es una especie comUn de la cual existen reportes de poblaciones en
México (Kunz et al., 2011). Es importante recalcar que organismos de esta especie han
resultados positivos para P. destructans, pero no han presentado sintomas de SNB, lo

que la hace un probable dispersor del hongo.

De especial importancia resultan las especies M. grisescens, M. sodalis, M.
septentrionalis, M. evotis y L. noctivagans, ya que ademas de ser positivas para P.
destructans, se encuentran también en categorias de riesgo (NOM 059-2010; Gillies,
2013). Se deben aumentar los esfuerzos para proteger a estos murciélagos de
perturbacion y las cuevas donde éstos se refugian. Sobre todo, se deben tomar medidas

para evitar contagios de SNB, ya que esto podria disminuir ain mas sus poblaciones.

RECOMENDACIONES PARA EL MODELADO DE P. DESTRUCTANS

Aunque el uso de las herramientas utiles en ecologia y biogeografia ha aumentado,
existen muchas incertidumbres asociadas con los modelos de distribucion de especies.
Las preocupaciones aparecen en mayor medida cuando se trata de ecosistemas
subterraneos, como lo son las cuevas, porque su modelado depende en gran medida de

variables explicativas externas al sistema (Mammola & Leroy, 2018).
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Se ha propuesto que la disponibilidad de habitat y el tamafio del habitat son los
primeros factores que limitan la presencia de una especie subterranea (Christman et al.,
2016; Pipan y Culver, 2017). Una mayor heterogeneidad topogréafica deberia propiciar
una distribucién méas amplia en la mayoria de los grupos taxondémicos subterraneos
(Cornu et al., 2013; Eme et al., 2015). En consecuencia, se han propuesto variables que
se pueden utilizar como sustitutos de la disponibilidad de habitat subterraneo. Por
ejemplo, Herkt et al. (2016) desarrollaron una variable especifica que representa la
rugosidad del terreno para reflejar la presencia de cuevas y grietas, mientras que
Christman et al. (2016) incluyeron un indice de posicion topografica como una medida

indirecta de la rugosidad del paisaje.

Diferentes autores han sugerido que la altitud es uno de los sustitutos mas
simples de la heterogeneidad topogréfica (Bregovi¢ y Zagmajster, 2016; Eme et al.,
2015; Zagmajster et al., 2014), por lo que se propone que para posteriores estudios de

los datos analizados en este escrito se tenga en cuenta la elevacion.
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CONCLUSIONES

De acuerdo con los modelos de nicho ecologico y los mapas de distribucion
potencial, se comprobd la hipotesis de que, en México existen las condiciones
climaticas adecuadas para que se desarrolle el hongo P. destructans, en la Sierra de

California, la Sierra Madre Occidental y la Faja VVolcanica Transmexicana.

Los nichos ecoldgicos de las especies de murciélagos positivas para SNB; L.
noctivagans, E. fuscus y M. lucifugus se sobreponen estadisticamente con el nicho
potencial de P. destructans tanto de la cepa europea como la americana, lo que puede

ser un potencial riesgo de infeccion para los murciélagos de México.

Corynorhinus towsendii y E. fuscus son las especies que representan riesgo de
propagar el hongo hacia nuestro pais, ya que 1) ambas presentan una similitud
significativa con el nicho de P. destructans, 2) existen registros de dichas especies
infectados con el hongo y 3) tienen una amplia distribucion que abarca Canadéa, Estados

Unidos y México.

Ya que las variables climaticas que se usaron pueden predecir el microclima en las
cuevas y el hecho de que la proyeccion del nicho climéatico de P. destructans para
Norteamérica resulté similar al modelo de nicho para Europa, este modelo puede ser util

para predecir el riesgo de la propagacion del hongo a México.
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