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RESUMEN

La Megaldpolis de México es una de las ciudades més grandes del mundo y presenta sustanciales
problemas de contaminacidn por metales. Los murciélagos insectivoros que habitan en esta ciudad estan
potencialmente expuestos a metales y podrian constituir un buen biomonitor. Se colectaron 70 individuos
de Tadarida brasiliensis (Chiroptera: Molossidae) que habitan en dos zonas dentro de la Megal6polis
(Cuautitlan y Xochimilco), y en dos zonas rurales del centro de México (Tequixquiac y Tlalcozotitlan). Se
analizaron sus higados para determinar las concentraciones totales de 10 metales por la técnica ICP-MS,
se compararon las concentraciones entre las zonas de estudio, y se exploraron las asociaciones entre
metales y sus patrones de acumulacion en los murciélagos. Las concentraciones aqui registradas fueron
consistentes con estudios similares desarrollados en murciélagos insectivoros. Las mayores
concentraciones de Cu y Zn en murciélagos de Cuautitlan y Xochimilco fueron asociadas al tréafico
vehicular. Las mayores concentraciones de V, Cry Co en los murciélagos de Tequixquiac y de Cd en los
de Tlalcozotitlan fueron ligados a fuentes de origen industrial, agricola o desconocido. Una correlacion
alta y consistente fue registrada entre Cu y Zn. Los patrones de acumulacion mostraron que los
murciélagos urbanos pertenecieron a una misma poblacién con similares niveles de exposicion, mientras
gue los murciélagos rurales pertenecieron a dos poblaciones diferentes expuestas a distintos metales. Estos
resultados resaltan la necesidad de mejorar las politicas publicas concernientes sobre la calidad ambiental,
las cuales deberian estar orientadas a mejorar las regulaciones sobre las fuentes antropogénicas especificas

de cada una de las zonas de estudio.



ABSTRACT

The Megalopolis of Mexico is one of the biggest cities in the world and presents substantial
problems of metal pollution. Insectivorous bats that inhabit this city are potentially exposed to metals and
could constitute a good biomonitor. We collected 70 individuals of Tadarida brasiliensis (Chiroptera:
Molossidae) inhabiting two areas inside the Megalopolis (Cuautitlan and Xochimilco), and two rural
environments in Central Mexico (Tequixquiac and Tlalcozotitlan). We analyzed their livers to determine
the total concentrations of ten metals by ICP-MS technique, compared concentrations among study sites,
and explored the associations between metals and their accumulation patterns in bats. Our results were
consistent with similar studies in insectivorous bats. Higher concentrations of Cu and Zn in Cuautitlan and
Xochimilco bats were associated to vehicular traffic. Higher concentrations of V, Cr, and Co in
Tequixquiac bats and Cd in Tlalcozotitlan bats were linked to industrial, agricultural, or unknown sources.
High and consistent relationship was found between Cu and Zn. Accumulation patterns showed that all
urban bats belonged to a single population with similar degree of exposure, while rural bats belonged to
two different populations exposed to different metals. Our results highlight the need to improve the public
policies concerning to environmental quality, which should be oriented to improving regulations on

specific anthropogenic sources from each of our study sites.



INTRODUCCION

Las concentraciones de metales en ecosistemas terrestres estan definidas principalmente por sus
contenidos en el material geoldgico de la region. La liberacion natural de metales ocurre a través de
procesos geoldgicos tales como la erosion, actividad volcénica y meteorizacién del material parental. Sin
embargo, el contenido de metales en el ambiente se ha incrementado principalmente debido a actividades
antropogeénicas, tales como el trafico vehicular, procesos industriales, mineria, agricultura y desechos
domésticos, entre otras (Nordberg et al., 2015). Las grandes ciudades centralizan muchas actividades
humanas que generan problemas de contaminacion, impactando en la acumulacion de metales en sus

componentes abidticos y bidticos (Davydova, 2005).

El Area Metropolitana de la Ciudad de México (en adelante referida como Megal6polis), el cual
comprende la Ciudad de México y su area conurbada en el Estado de México, es una de las ciudades mas
grandes en el mundo, y presenta sustanciales problemas de contaminacion por metales (Morton-Bermea et
al., 2009, 2018). SEDEMA (2016) estimé que 31 mil toneladas de material particulado PM,, fueron
liberadas en el 2014, de los cuales el 41% fue PM,s. Las principales fuentes de emision de metales en esta

ciudad con més de 21 millones de habitantes fueron 5.3 millones de vehiculos y 70 mil fabricas.

Estudios previos en la Megaldpolis analizaron muestras de suelo superficial (Morton-Bermea et
al., 2009; Rodriguez-Salazar et al., 2011) y de material particulado (Morton-Bermea et al., 2018; Querol et
al., 2008), los cuales reconocieron que la presencia de cromo (Cr), cobalto (Co), manganeso (Mn) y hierro
(Fe) estuvieron ligadas a fuentes geogénicas, mientras que la presencia de cobre (Cu), zinc (Zn), plomo
(Pb) y cadmio (Cd) estuvieron asociadas a fuentes antropogénicas. Ademas, los contenidos de vanadio (V)

y niquel (Ni) estuvieron ligados a ambos tipos de fuentes.



Por otro lado, los metales emitidos dentro de la Megal6polis pueden impactar las areas alrededor.
De acuerdo a Flores et al., (1997) y Lucho-Constantino et al. (2005), las aguas residuales no tratadas
generadas en la Megaldpolis podrian transportar cantidades importantes de Cr, Cu, Zn Cd y Pb hacia el
Valle del Mezquital, localizado en el Estado de Hidalgo. Querol et al. (2008) reportd que los metales en el
material particulado, tales como Cu, Zn, Cd y Pb, pueden ser dispersados desde la Megal6polis hacia areas
suburbanas y rurales alrededor. Asi mismo, los contenidos de metales en la Megal6polis podrian ser
impactados por metales emitidos en otras regiones. A escala regional, Querol et al. (2008) report6 que las
emisiones de Niy V del Complejo Industrial de Tula, localizado en el Estado de Hidalgo, pueden impactar

sobre la composicion del material particulado de la Megaldpolis a través del transporte de masas de aire.

Estudios de contaminacién por metales en organismos vivientes suelen enfocarse en proveer
evidencia de dafio y de exposicion (Nordberg et al., 2015; O’Shea & Johnston, 2009). Estudios
conducidos en plantas, peces y aves de la Megaldpolis (Aldana et al., 2018; Delgado et al., 1994; Garcia-
Sanchez et al., 2019; Guzman-Morales et al., 2011) han brindado interpretaciones restringidas debido a
gue sus contenidos podrian haber sido influenciados por fuentes locales o foraneas. De acuerdo a Clark &
Shore (2001), O’Shea & Johnston (2009) y Zukal et al. (2015), los murciélagos pueden servir como
biomonitores de exposicion a metales a una escala regional, ya que éstos muestran varias ventajas
ecoldgicas y metodolégicas sobre otros animales. Se ha reportado que los murciélagos pueden estar
expuestos a metales a partir de actividades mineras (O’Shea et al., 2001; Zocche et al., 2010), aguas

residuales no tratadas (Naidoo et al., 2013) y contaminacion atmosférica (Hariono et al., 1993).

Los murciélagos insectivoros que habitan en la Megal6polis, tales como Tadarida brasiliensis
(Chiroptera: Molossidae) (Figura 1), estan potencialmente expuestos a metales y podrian constituir un
buen biomonitor de contaminacion por metales de sus hébitats en el centro de México. Esta especie de
murciélago se alimenta de una gran cantidad de insectos por noche (Lee & McCracken, 2005; Lopez,

2009), lo que lo hace altamente susceptible a los metales contenidos en su dieta (Thies & Gregory, 1994).
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Los murciélagos insectivoros necesitan beber agua de manera directa (Wilkins et al., 1989), por lo que
pueden ingerir metales a partir de fuentes de aguas contaminadas. Ya que esta especie es muy movil y
puede dispersarse facilmente en sus hébitats (Avila-Flores & Fenton, 2005; McCracken et al., 2016), este
murciélago puede inhalar o ingerir una gran cantidad de particulas de metales presentes en la atmdsfera
durante el vuelo. Los metales depositados en su pelaje podrian ser absorbidos por la piel o ser ingeridos
cuando se acicalan (Hariono et al., 1993; Rendon-Lugo et al., 2017). Ademads, T. brasiliensis se comporta
como una especie residente en el centro de México, y es un murciélago comudn en la Megal6polis y sus
areas rurales alrededor (Garcia, 2018; Pérez, 2015; Sanchez et al., 1989), lo cual permitiria realizar

comparaciones entre zonas con diferentes niveles de actividad humana.

El higado es un 6rgano objetivo para la acumulacion de metales en murciélagos (Hernout et al.,
2016; Naidoo et al., 2013). Los metales esenciales tales como V, Cr, Co, Mn, Ni, Fe, Cu y Zn, deben ser
absorbidos y excretados constantemente por el organismo, permaneciendo en niveles homeostaticos. Estos
metales en exceso podrian llegar a ser tdxicos, mientras que al ser escasos se podrian presentar
deficiencias. En contraste, los metales no esenciales tales como Pb y Cd, pueden causar toxicidad incluso
a bajas concentraciones, ya que éstos pueden inducir mutagénesis y carcinogénesis, asi como alteraciones
en el metabolismo de los metales esenciales (Nordberg et al., 2015; Sidhu et al., 2004; Soetan et al.,

2010).

En el presente estudio se evaluaron las concentraciones totales de V, Cr, Co, Mn, Ni, Fe, Cu, Zn,
Cd y Pb en higados de individuos de Tadarida brasiliensis (Chiroptera: Molossidae) que habitan dos
zonas dentro de la Megaldpolis, y dos zonas rurales en el centro de México. Los objetivos fueron: a)
determinar las concentraciones de metales en Tadarida brasiliensis del centro de México; b) comparar las
concentraciones de metales entre los murciélagos de las cuatro zonas de estudio; c) explorar las
asociaciones entre pares de metales; y d) explorar los patrones de acumulacién de metales en murciélagos.

En este trabajo se plantea la hip6tesis que las variaciones en las concentraciones de metales entre las
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cuatro zonas de estudio estaran principalmente asociadas a los diferentes tipos e intensidades de las

fuentes antropogeénicas de cada zona.

Figura 1. A la izquierda: murciélago Tadarida brasiliensis (foto: Ernesto Pérez); A la derecha: captura de

murciélagos en la Megal6polis de México (foto: Falco Garcia).
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Capsule: The Knowledge of hepatic metal concentrations in insectivorous bats contributes
significantly to provide evidence of the environmental quality in human-dominated ecosystems,
which has implications in wildlife and human health.

Abstract

The Megalopolis of Mexico is one of the biggest cities in the world and presents substantial
problems of metal pollution. Insectivorous bats that inhabit this city are potentially exposed to
metals and could constitute a good biomonitor. We collected 70 individuals of Tadarida
brasiliensis (Chiroptera: Molossidae) inhabiting two areas inside the Megalopolis (Cuautitlan and
Xochimilco), and two rural environments in Central Mexico (Tequixquiac and Tlalcozotitlan).
We analyzed their livers to determine the total concentrations of ten metals by ICP-MS
technique, compared concentrations among study sites, and explored the associations between
metals and their accumulation patterns in bats. Our results were consistent with similar studies in
insectivorous bats. Higher concentrations of Cu and Zn in Cuautitlan and Xochimilco bats were
associated to vehicular traffic. Higher concentrations of V, Cr, and Co in Tequixquiac bats and
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Cd in Tlalcozotitlan bats were linked to industrial, agricultural, or unknown sources. High and
consistent relationship was found between Cu and Zn. Accumulation patterns showed that all
urban bats belonged to a single population with similar degree of exposure, while rural bats
belonged to two different populations exposed to different metals. Our results highlight the need
to improve the public policies concerning to environmental quality, which should be oriented to
improving regulations on specific anthropogenic sources from each of our study sites.

Key words: Urban bats; hepatic metal concentrations; metal associations; accumulation patterns;
metal pollution.

Introduction

Big cities centralize several human activities that generate pollutions problems, impacting the
accumulation of metals in their abiotic and biotic components (Davydova, 2005). The
Metropolitan Area of Mexico City (hereafter referred as Megalopolis), which comprises Mexico
City and its surrounding conurbation in the State of Mexico, is one of the biggest urban areas in
the world and presents substantial problems of metals pollution (Morton-Bermea et al., 2009,
2018). SEDEMA (2016) reported that principal sources of metal emissions in this city, which has
more than 21 million of inhabitants, are 5.3 million vehicles and 70 thousand factories.

Previous studies inside the Megalopolis analyzed samples of topsoil (Morton-Bermea et al.,
2009; Rodriguez-Salazar et al., 2011) and particulate matter (Morton-Bermea et al., 2018; Querol
et al., 2008), recognizing that chromium (Cr), cobalt (Co), manganese (Mn) and iron (Fe)
presence were linked to geogenic sources, whereas copper (Cu), zinc (Zn), lead (Pb) and
cadmium (Cd) presence were associated to anthropogenic sources. Furthermore, the contents of
vanadium (V) and nickel (Ni) were linked to both source types. On the other hand, metals emitted
within the Megalopolis can impact surrounding areas, as well as metals emissions from other
regions can influence metal contents in the Megalopolis (Flores et al., 1997; Lucho-Constantino
et al., 2005; Querol et al., 2008).

Studies of metal pollution on living organisms seek to provide evidence of harm and exposure
(Nordberg et al., 2015; O’Shea and Johnston, 2009). Studies conducted on plants, fish and birds
from the Megalopolis (Aldana et al., 2018; Delgado et al., 1994; Garcia-Sanchez et al., 2019;
Guzman-Morales et al., 2011) have provided restricted interpretations because their contents
could be strongly influenced by point or foreign sources. According to Clark and Shore (2001),
O’Shea and Johnston (2009), and Zukal et al. (2015), bats can serve as biomonitors for metal
exposure at regional scale since they show several ecological and methodological advantages
over other animals. It has been reported that bats can be exposed to metals from mining activities
(O’Shea et al., 2001; Zocche et al., 2010), untreated waste-water (Naidoo et al., 2013), and
atmospheric pollution (Hariono et al., 1993).

Insectivorous bats like Tadarida brasiliensis (Chiroptera: Molossidae) that inhabit the
Megalopolis are potentially exposed to metals and could constitute a good biomonitor of metal
pollution in its habitats in Central Mexico. This bat species feeds on a great amount of insects per
night (Lee and McCracken, 2005; Lopez, 2009), being highly susceptible to the metals contained
in its diet (Thies and Gregory, 1994). Insectivorous bats need to drink water on direct way
(Wilkins et al., 1989), so they can ingest metals from polluted water. Since this species is highly
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mobile and can disperse easily in its habitats (Avila-Flores and Fenton, 2005; McCracken et al.,
2016), it can inhale or ingest a large amount of metal particles present in the atmosphere during
flight. Metals deposited in its fur could be absorbed by the skin or ingested when grooming
(Hariono et al., 1993; Renddn-Lugo et al., 2017). In addition, T. brasiliensis behaves as a resident
species in this region and is a common bat in the Megalopolis and surrounding rural
environments (Garcia, 2018; Pérez, 2015; Sanchez et al., 1989), which would allow us to perform
comparisons among sites with different levels of human disturbance.

Liver is a target tissue for metal accumulation in bats (Hernout et al., 2016; Naidoo et al., 2013).
Essential metals must be absorbed and excreted constantly by the organism, remaining at
homeostatic levels. In excess metals could be toxic, while if they are scarce deficiencies can
occur. In contrast, non-essentials metals can cause toxicity even in low concentrations since they
can induce mutagenesis and carcinogenesis, as well as disturb the metabolism of essential metals
(Nordberg et al., 2015; Sidhu et al., 2004; Soetan et al., 2010).

In this study, we evaluated the total concentrations of V, Cr, Co, Ni, Mn, Fe, Cu, Zn, Pb and Cd
in livers of Tadarida brasiliensis (Chiroptera: Molossidae) individuals inhabiting two sites inside
the Megalopolis, and two rural environments in Central Mexico. Our aims were: a) to determine
the metal concentrations in Tadarida brasiliensis in Central Mexico; b) to compare the metal
concentrations among bats from our study sites; c) to explore the association between pairs of
metals; and d) to explore the accumulation patterns of metals in bats. We hypothesized that
variations of metal concentrations among bats from the four sites would be mainly associated to
different types and intensities of anthropogenic sources.

Materials and methods

Study area

Bats were collected in roosts located in four sites in Central Mexico with different types and
intensities of human intervention. Two of our study sites were located within the Megalopolis, in
the northern and southern part, hereafter Cuautitlan and Xochimilco respectively (Figure 1).
Urban bats were collected in Cuautitlan municipality (19°39°42°°N, 99°10°33°°W) in the State of
Mexico and in Xochimilco municipality (19°14°55°°N, 99°06°21°°W) in Mexico City. Prevailing
wind direction in the Megalopolis is from north and northeast to south (Jauregui, 2000). Northern
part of the Megalopolis has higher concentration of industrial activities and vehicular movement.
It also has greater population density than the southern part, where residential and commercial
activities dominate and big extensions of green and conservations areas are present (Guzman-
Morales et al., 2011; Rodriguez-Salazar et al., 2011). Predominant parent material in the
Megalopolis is extrusive igneous (Morton-Bermea et al., 2018). Approximately 3 km from
Xochimilco is located the Xochimilco Lake, in Mexico City, which receives both treated and
untreated domestic and agricultural waste-water (Aldana et al., 2018).

Additionally, rural bats were collected at two study sites from rural environments located 30 km
north and 145 km south from the Megalopolis, hereafter Tequixquiac and Tlalcozotitlan
respectively (Figure 1). Bats from the first rural site were collected in an agricultural area in
Tequixquiac municipality (19°56°49°N, 99°06°48’’W) in the State of Mexico. Farming activities
are conducted in 42.3% of the municipal territory, whereas grassland, urban areas, and xerophytic
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scrubland occupy 25.5, 17.8 and 14.4% respectively. The predominant rocks at Tequixquiac
municipality are extrusive igneous (INEGI, 2010). Two untreated sewage canals emerge 6 km
from Tequixquiac, taking waste-water from the Megalopolis toward the Mezquital Valley, in the
State of Hidalgo. The sewage is used to farming both in Tequixquiac municipality and Mezquital
Valley (Lucho-Constantino et al., 2005; Pérez, 2015). To 20 km northwest from Tequixquiac is
located the Tula Industrial Complex, in the southern part of Mezquital Valley, in which there are
several factories including a petroleum refinery, an electricity power plant, and various cement
plants (Zambrano et al., 2009). Bats from the second rural site were collected in a cave located in
the town of Tlalcozotitlan (17°53°00°°N, 99°07°32°°W) in Copalillo municipality, State of
Guerrero. Dry deciduous tropical forest and agriculture occupy 68.1 and 13.5% of the municipal
territory respectively, while the urban areas do not exceed 0.5%. Sedimentary rock is the
predominant parent material in Copalillo municipality (INEGI, 2010). There are not big cities or
industrial areas close to Tlalcozotitlan.

Bat sampling

Bats were captured using mist nests placed in front of roost entries, at the time bats exited or
returned. We sampled bats from April to June 2017. We collected 20 bats from each of our study
sites, except from Tlalcozotitlan where only ten bats were collected. We only sacrificed adult
male specimens to avoid variations caused by age and sex (Scientific Community License
SGPA/DGVS/14509/16, SEMARNAT). Bats were euthanized according to the IACUC protocol
of the ASM (Sikes et al., 2016). Liver from each bat was removed and deposited into plastic
cryotubes with a 96% ethanol solution, following Williams et al. (2010). Tissue samples and bat
carcasses were kept in the Laboratorio de Ecologia y Conservacion de Vertebrados Terrestres at
the Instituto de Ecologia, Universidad Nacional Autébnoma de México (UNAM).

Chemical analysis and quality control

Liver samples were prepared at the Laboratorio de Anélisis Ambiental of the Facultad de
Ciencias, UNAM. Liver tissues were dried in an oven at 40°C for 48 hours and then weighted
with an analytical scale. Around 0.16 g of dried samples was digested on a microwave oven
(Mars x, CEM Corporation) with 7 ml of 50% concentrated nitric acid (HNO3) in Teflon vessels.
Total hepatic concentrations of V, Cr, Co, Ni, Mn, Fe, Cu, Zn, Pb and Cd were determined by
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; model iCAP Q, Thermo Scientific) at
the Instituto de Geofisica, UNAM. This technique has a high capacity to quantify metals even at
very low concentrations, and allows the analysis of several metals simultaneously (O’Shea and
Johnston, 2009). For the analytical procedure, a calibration curve was generated using a 15-point
curve (between 0.1 and 500 ng/L) with standard solutions, which were prepared by diluting 10
ug/g multi-element standard solutions (High Purity Standard) with 2% HNOj3. Instrumental drift
was corrected using indium as internal standard, prepared from a certified stock solution of 10
ng/g (Merck). Detection limits for ten metals were estimated as three times the standard deviation
values of ten replicates of the blank samples. These were 9.1 ng/g for Fe and less than 0.6 ng/g
for the rest of metals. All reagents used were of analytical grade.

Quality of the analytical procedure was assessed using DOLT-4 dogfish liver as standard
reference material (National Research Council Canada). Five replicates of DOLT-4 samples were
analyzed together with the bat liver samples, and were performed to the same procedure of
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preparation and analysis. All metal recoveries ranged from 63.5 to 123.5%, except for Mn.
Reference material was not certified for Mn. However, Mn concentrations among the five
replicates were consistent, with a 5.6% coefficient of variation. The coefficients of variation of all
metals varied between 3.8 and 17.6%. Liver samples were measured randomly in duplicates and
triplicates, which had consistent concentrations for the ten metals analyzed. We did not find
greater interferences in the blank samples. Concentrations were expressed in pg/g on a dry weight
(dw) basis. Further details about our quality controls are available as supplementary material
(Supplemental 1).

Statistical analysis

Since most of the residuals for the hepatic metal concentrations did not show normal distribution
nor variance homogeneity, we used non-parametric methods to analyze our data. We used
Kruskal-Wallis test to compare hepatic metal concentrations among study sites, followed by
Dunn post hoc test for each pair of study sites, considering Bonferroni adjustment of o/2.
Spearman rank correlations were used to assess the associations between pairs of metal
concentrations. Factor analysis was performed on the normalized data for the concentrations of
the ten metals, to evaluate the accumulation patterns of metals in bats. Extraction method of this
statistical technique was the correlations matrix of the principal component analysis. All analyses
were restricted to bats with detectable concentrations only. Level of statistical significance
considered was below of a = 0.05. We used the software R-studio (version 3.4.2) and Past
(version 1.7).

Results

Hepatic metal concentrations in Tadarida brasiliensis from Central Mexico

Total concentrations of V, Cr, Co, Ni, Mn, Fe, Cu, Zn, Pb and Cd in liver of all 70 adult male
bats Tadarida brasiliensis collected were analyzed (Table 1). The hierarchy of metal
concentrations in liver tissues was Fe > 7Zn > Cu~Mn > Ni =~ Cd = Pb = V = Co = Cr. With the
exception of one individual that showed V and Cr concentrations below the detection limits, all
samples analyzed had quantifiable concentrations for all metals analyzed. Records of Ni in one
bat (9.3 ng/g) and Pb in three bats (4.1, 8.2 and 13.5 ng/g) were double or more than in the rest of
bats, so we considered them as highly elevated concentrations.

Variations of metal concentrations among sites

We found significant differences in the hepatic concentration of some metals among our study
sites: V (Kruskal-Wallis test: F = 18.5, P <0.001), Cr (F=19.4,P <0.001),Co (F=38.2,P <
0.001), Mn (F = 13.9, P = 0.003), Fe (F = 13.5, P = 0.004), Cu (F = 26.4, P < 0.001), and Cd (F
= 16.8, P < 0.001). Comparisons between pairs of study sites showed significant differences in
metal concentrations (Figure 2). Bats from Tequixquiac (Dunn test: D = 4.06, P < 0.001) and
Cuautitlan (D = 3.37, P = 0.002) had higher concentrations of V than Tlalcozotitlan bats.
Tequixquiac bats had higher concentrations of Cr and Co than bats from Cuautitlan (Cr: D =
4.22, P <0.001; Co: D =4.41, P <0.001), Xochimilco (Cr: D=2.7,P=0.021; Co: D=5.39, P <
0.001) and Tlalcozotitlan (Cr: D = 2.74, P = 0.019; Co: D = 4.68, P < 0.001). Xochimilco bats
had higher Mn levels than Tlalcozotitlan bats (D = 3.53, P = 0.001). Tlalcozotitlan bats had lower
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Fe concentrations than bats from Tequixquiac (D = 2.98, P = 0.009), Cuautitlan (D = 3.37, P =
0.002), and Xochimilco (D = 3.27, P = 0.003). Tequixquiac bats had lower levels of Cu than bats
from Cuautitlan (D = 4.42, P < 0.001) and Xochimilco (D = 4.48, P <0.001). Tlalcozotitlan bats
had higher Cd levels than bats from Tequixquiac (D = 3.22, P = 0.004), Cuautitlan (D = 4.03, P <
0.001), and Xochimilco (D = 2.78, P = 0.016). Concentrations of Ni (F =1.2, P =0.76), Zn (F =
7.6, P =0.055), and Pb (F = 0.21, P = 0.97) did not vary among sites (Figure 2).

We found no differences in the concentrations of any of the analyzed metals between bats from
Cuautitlan and Xochimilco. Tlalcozotitlan bats showed lower variations in their V, Fe, Cu and Zn
levels compared to bats from the other sites. Tequixquiac bats only had lower variations of Cu
and Zn. Zinc and Cu concentrations of bats from Tequixquiac and Tlalcozotitlan were slightly
lower than bats from Cuautitlan and Xochimilco (Figure 2).

Associations between metal concentrations

Almost two-thirds of the 45 associations between pairs of metals of the 70 bats analyzed were
significant (Table 2). Nine of these associations had correlations coefficients of rho > 0.4, so we
considered them as associations with a high correlation. The association between Cu and Zn was
the highest (rho = 0.76, P < 0.001), and was the only that showed a direct, consistent relationship
(Figure 3A). This relationship was present in both urban and rural bats, as well as in the bats of
each study site. The association between Co and Cr (rho = 0.55, P < 0.001) was high and
displayed a different pattern with respect to the previous one (Figure 3B). Individuals with Co
concentrations above 0.2 pg/g showed higher dispersion in their Cr concentrations than those
below this threshold. Zinc was the metal with more associations with rho > 0.4, being related to
Mn, Pb, and Cd (Table 2). There were not important negative associations between
concentrations of any metals.

Accumulation patterns of metals in bats

We performed the factor analysis with data from 69 bats, excluding the only bat that had V and
Cr concentrations below the detection limits. This analysis showed three factors with eigenvalues
greater than 1, which together explained 61% of the variance (Supplemental 2). Factor 1
explained 29.7% of the variance and was positively associated with the concentrations of Zn, Mn,
Cu, V, and Fe. Factor 2 explained 19% of the variance and was positively associated with the
concentrations of Cu and Zn, and negatively associated with Co, V, and Cr. Finally Factor 3
explained 12.3% of the variance and was associated with the concentrations of the remaining
metals, positively with Pb and Cd, and negatively with Fe and Ni (Supplemental 2).

We projected the bats onto the first two-factor axis according to accumulation patterns of the ten
metals analyzed, and the scatterplot displayed three groups (Figure 4). Factor 1 axis showed
Tlalcozotitlan bats as a more homogeneous group since almost all of them had negative values.
Factor 2 axis showed a clear separation of Tequixquiac bats; they were in the negative side of the
axis. Cuautitlan and Xochimilco bats showed considerable variation in the positive values of
Factor 2 axis and they were the most dispersed along the Factor 1 axis.
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Discussion

Hepatic metal concentrations in Tadarida brasiliensis from Central Mexico

Depending on the amount of an essential metal that is required physiologically by mammals, this
Is considered as macro or micro mineral. Although there is no clear separation among minerals
(Nordberg et al., 2015; Soetan et al., 2010), the hierarchy of metal concentrations presented here
could provide an idea about their degree of importance in the physiological processes occurred in
livers of insectivorous bats. This hierarchy agrees with those previously reported by similar
studies (Allinson et al., 2006; Hernout et al., 2016; Naidoo et al., 2013). Thus, among the
essential metals, Fe can be considered as the mineral with the highest physiological requirement,
followed by Zn and then by Cu and Mn. Finally Ni, V, Co, and Cr would be required in lower
amounts. Unlike previous metals, Pb and Cd are considered as non-essential metals because they
do not participate in physiological processes on mammals (Nordberg et al., 2015; Soetan et al.,
2010). This can explain their relative lower concentrations in our liver samples.

We recorded very high concentrations of Ni and Pb in some individuals (Table 1). Isolated cases
of excessive levels of metals in internal tissues have been reported in both wild bats (Hariono et
al., 1993; Williams et al., 2010) and captive bats (Hoenerhoff and Williams, 2004). Excessive
concentrations have been attributed to individual characteristics, where the bat could have been
exposed to extreme conditions of metal pollution or presented problems in metal metabolism and
excretion. Considering that our study sites presented a diversity of human activities, we cannot
discard that high metal concentration values we recorded contributed to toxicity. However,
according to Thies and Gregory (1994), capturing bats during their periods of activity could
suggest they display normal foraging behavior, thus they would be healthy individuals. Bats may
vary in their resistance to metal poisoning, and there may be a process of selection in which some
bats will die and others will not, under the same metal concentrations. In contrast, very low
concentrations of essential metals could represent metal deficiency levels. However, this is a
poorly explored topic in bats, and requires further attention.

Metal identification and quantification in bat tissues have been developed through the
implementation of different analytical techniques and procedures, which makes it difficult to
compare different studies (Clark and Shore, 2001; Zukal et al., 2015). Therefore, in order to
conduct appropriate comparisons, we only considered published studies that used an ICP
technique and standard reference material as we did in our study. We compared our results to
hepatic metal concentrations (j1g/g dw) in insectivorous bats reported by Allinson et al. (2006),
Naidoo et al. (2013), and Hernout et al. (2016) (Table 1). These studies showed recovery rates
similar to the one reported here, in spite of differences in the digestion procedure. In general, we
found that our concentrations of Cr, Mn, Fe, Cu, Zn, Pb, and Cd in livers of Tadarida brasiliensis
were consistent with hepatic levels recorded by previous studies. In contrast, our concentrations
of V, Co and Ni were above reported levels in the literature. It is important to consider that we
evaluated only adult male bats of a Molossid species, while the other studies analyzed
Vespertilionid bats of variable age and sex. So, these differences could be related to inherent
physiology characteristics of distinct bat families, their feeding habits, and the degree of exposure
associated to the date and locality of collection (Walker et al., 2007; Zocche et al., 2010).
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Variations of metal concentrations among sites

Higher concentrations and variations of V in Tequixquiac bats we found (Figure 2A) could be
associated to consumption of contaminated insects by the emissions of Tula Industrial Complex
(TIC), located 20 km northwest from Tequixquiax. Vanadium has been identified as residue of
fossil fuel combustion generated by TIC, and this metal is transported to the south by the action
of prevailing winds (Zambrano et al., 2009), even impacting areas of the Megalopolis located 80
km south (Querol et al., 2008). Intermediate V concentrations in urban bats could be associated to
lower influence of TIC emissions, as well as of local fossil fuel combustion and igneous rock
dusts (Guzman-Morales et al., 2011; Morton-Bermea et al., 2009, 2018), on V contents in insects
from the Megalopolis. Lower V concentrations and variation in Tlalcozotitlan bats, which were
collected more than 200 and 145 km south from TIC and the Megalopolis respectively, indicate
that these bats were not exposed to important sources of V.

Tequixquiac bats had higher concentrations and variations of Cr and Co (Figure 2B, 2C), which
suggest the influence of local sources. Important sources of Cr and Co in Tequixquiac and
surrounding areas are unknown. Farming areas occupy the 42% of territory of Tequixquiac
municipality (INEGI, 2010), and are irrigated mainly with waste-water that can be enriched with
metals released by domestic and industrial waste from the Megalopolis. However, the metal
bioavailability to crops is very low because metals are bound in large amounts to mineral fraction
and organic matter of the agricultural soils (Flores et al., 1997; Lucho-Constantino et al., 2005).
Thus, it would be unlikely that Tequixquiac bats present an important bioaccumulation of both
metals from foraging on phytophagous insects. On the other hand, insectivorous bats can ingest
metals from waste-water when they drink it or feed on emergent aquatic insects (Naidoo et al.,
2013; O’Shea et al., 2001). Since these insects are reported in low amounts in the diet of
Tadarida brasiliensis (Lee & McCracken, 2005; Lopez, 2009), added to this bat needs to
consume water on direct way for maintain its hydric balance (Wilkins, 1989), Cr and Co intake
from drinking waste-water could be more likely.

Xochimilco bats seemed have slightly higher Mn concentrations than the other bats (Figure 2D),
which could be related to local exposure from Xochimilco Lake (located 3km Xochimilco site).
Aldama et al. (2018) found that Mn was the most abundant free metal ion in the water of
Xochimilco Lake, and it was the most bioaccumulated in the fish gills from this lake. Thus,
according to their hydrological requirements (Wilkins, 1989), these bats may have consumed
water enriched with Mn.

Although the presence of Ni in the Megalopolis and Mezquital Valley has been linked to a
variety of sources (Morton-Bermea et al., 2018; Querol et al., 2008; Zambrano et al., 2009),
similar Ni concentrations among our bats (Figure 2E) can be related to strong homeostatic
controls. In spite of the fact that we did not find a consistent correlation between Ni and Zn
(Table 2), Ni concentrations in mammal livers can be regulated by Zn action (Sidhu et al., 2004).

Differences in Fe concentrations between wild and captive mammals, as well as among livestock
exposed to distinct kinds of raising, have been attributed to the unintentional intake of dust and
soil enriched with variable levels of Fe particles (Clauss and Paglia, 2012). So, it is possible that
variations in Fe concentrations we recorded (Figure 2F) were associated to differences in the
amount of Fe released from the weathering of parent material of our study sites. Igneous parent
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material has been recognized as the most important source of Fe in the Megalopolis and
Mezquital Valley (Morton-Bermea et al., 2018; Querol et al., 2008; Zambrano et al., 2009). Iron
particles can become very abundant in the particulate material PM, s, even reaching 67.7% of
total mass as reported in the Megalopolis (Morton-Bermea et al., 2018). Thus, important amounts
of Fe particles could have adhered to insects and fur of bats from the Megalopolis and
Tequixquiac, being ingested by these bats when feeding and grooming (Hariono et al., 1993;
Renddn-Lugo et al., 2017). In contrast, lower Fe concentrations in Tlalcozotitlan bats can be
related to a low level of Fe particles generated by sedimentary parent material, which is dominant
in Copalillo municipality and surrounding (INEGI, 2010). According to Lozano and Bernal
(2005), igneous rocks in Mexico present greater amounts of Fe than the sedimentary rocks, with
approximate Fe,O3 and FeO rates of 1100:1 and 300:1 respectively.

Despite that liver of mammals exerts strong homeostatic processes on hepatic Cu and Zn
concentrations (Milton and Johnson, 1999; Nordberg et al., 2015; Stamoulis et al., 2007), our
urban bats seemed to show higher concentrations and variations of Cu and Zn than rural bats
(Figure 2G, 2H). The high correlation between Cu and Zn we found (Figure 3A) emphasizes that
both metals had the same accumulation pattern, which can be associated to a common source.
Internal concentrations of both metals are usually related to their contents in the diet (Nordberg et
al., 2015). Copper and Zn contents in the Megalopolis have been mainly related to vehicular
traffic (Guzman-Morales et al., 2011; Querol et al., 2008; Rodriguez-Salazar et al., 2011), with
5.3 millions motor vehicles (SEDEMA, 2016). Both metals can be released in large amounts
from the wear of brake pads and tires (Apeagyei et al., 2011). Air particles of Cu and Zn can
adhere in important quantities on the leaves (Garcia-Sanchez et al., 2019), even matching their
internal contents (Guzman-Morales et al., 2011). Thus, phytophagous insects that feed on these
leaves could ingest high Cu and Zn levels and then pass to insectivorous bats from the
Megalopolis.

Similar hepatic Pb concentrations among mammals throughout urbanization gradients have been
reported (Bilandzi¢ et al., 2010; Dip et al., 2001), which can be related to the wide distribution of
Pb in the environments (Lopez-Alonso et al., 2007). Lead can be adsorbed by bats through food
chain and atmospheric exposure (Hariono et al., 1993). Although the use of Pb as gasoline
additive was banned in Mexico since 1997, Morton-Bermea et al. (2011) and Rodriguez-Salazar
et al. (2011) suggested that Pb pollution along the Megalopolis by its use during past decades was
still significant 11 years later (2008). Walker et al. (2007) reported that the bioavailability of Pb
to bats from Britain did not vary in a period of at least 15 years (1988-2003), despite there was a
marked reduction of petrol Pb emissions during the same time. Thus, we can consider that the
similar Pb concentrations in our bats (Figure 21) were a reflection of the historical pollution of Pb
and its consequent distribution along our study sites.

Variations in hepatic Cd concentrations in mammals can be more related to differences in the
foraging habits than to exposure due to the degree of urbanization (Dip et al., 2001; Bilandzi¢ et
al., 2010). Thus, although the prey of urban and Tequixquiac bats can be exposed to Cd emitted
by vehicular traffic and industrial activities from the Megalopolis (Morton-Bermea et al., 2018;
Querol et al., 2008), higher Cd concentrations in Tlalcozotitlan bats (Figure 2J) indicate that their
prey are exposed to more important sources of Cd. Tadarida brasiliensis feed mainly on insect
families belonging to Lepidoptera and Coleoptera in rural environments (Lee and McCracken,
2005; Lopez, 2009), which are usually crop pests and can act as exposure route of metals from
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agriculture activities to insectivorous bats (Clark, 1988; Thies and Gregory, 1994). Since some
agrochemicals can have high amount of Cd (Oruc, 2010; Soetan et al., 2010), it is necessary to
explore in more detail the agrochemicals employed in Copalillo municipality. On the other hand,
a mass mortality of bats was observed in the cave of Tlalcozotitlan during September 2016
(Alberto Almazan, Personal communication). Clark (1988) documented a mass mortality of
insectivorous bats by accumulation of pesticides along the trophic chain. Although an additional
impact of Cd was not associated, this author reported high Cd levels in guano. If similar here, we
can assume at least in part that Tlalcozotitlan bats we evaluated were survivors with sublethal
levels of Cd, or that these bats still faced a high exposure to Cd one year later.

Associations between metal concentrations

Interactions between metals during bioaccumulation in mammal tissues are complex since more
than two metals can be involved, as well as different biomolecules and physiological processes
(Jarzynska and Falandysz, 2011; Lopez-Alonso et al., 2004; Soetan et al., 2010). In contrast to
laboratory mammals and livestock, wild mammals face selective pressures which increased the
mortality probability of those individuals that are susceptible to increased metal exposures (Clark
and Shore, 2001; Thies and Gregory, 1994).

Although a great percent of significant correlations performed here were not strong (rho < 0.4),
these were numerous (Table 2), reflecting the possible importance of the liver for metabolizing
the metals (Lépez-Alonso et al., 2004). We recorded a high and consistent positive correlation
between Cu and Zn (Figure 3A). Although it is unclear whether both metals are synergistically
associated in internal tissues of mammals, since one metal can increase or inhibit the absorption
of the other (Nordberg et al., 2015; Stamoulis et al., 2007), our finding was consistent with
previous observations in liver and spleen samples of bats from montane forests of Peru (Ramos-
H. et al., Unpublished result). Thus, we can assume that Cu and Zn relationship in bat livers
represents a synergic accumulation, which can be associated to proportional requirements or
exposure to a common anthropogenic source. Zinc showed considerable correlations (rho > 0.4)
with other three metals, which can be a reflection of the importance of Zn for metal homeostasis
in mammalian livers (Sidhu et al., 2004; Stamoulis et al., 2007). In addition, correlations between
Zn and both Cu and Cd in livers can be related to the capacity of these metals to induce the
synthesis of metallothioneins (Lépez-Alonso et al., 2004; Streit and Nagel, 1993).

It seems that Co had an effect on Cr only after a concentration threshold is reached (Figure 3B).
There is no influence of Co at lower concentrations, but when Co exceeds 0.2 pg/g can cause a
large variation in Cr concentrations. However, there is no information about this interaction
(Nordberg et al., 2015). The rest of correlations between pairs of metals showed unclear
relationships, in spite of high or intermediate correlation coefficients. Curiously, we did not find
important negative correlations (Table 2), although antagonistic interactions have been reported
between metals. Negative interactions usually occur under extreme conditions of exposure or
deficiency (Nordberg et al., 2015; Sidhu et al., 2004; Soetan et al., 2010).

Accumulation patterns of metals in bats

Factor analysis explained an intermediate value of the total variance (Supplemental 2), which can
be a reflection of the action both of different sources and interactions among metals. Bats
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projected in the scatterplot were pooled in three groups (Figure 4). The individuals of each group
showed similar accumulation patterns as a reflection of similar exposure from particular
geographic conditions where they inhabit, so each group can be consider as representative of one
population (Sanchez-Chardi and Lopez-Fuster, 2009; Yang et al., 2002).

Tlalcozotitlan bats were distributed as a population more homogeneous in the Factor 1 axis
(Figure 4). Unlike others study sites, in general Tlalcozotitlan bats showed lower values and/or
low variability in their hepatic concentrations of those essential metals associated to Factor 1
(Figure 2, Supplemental 2). Since essential metals are required and remained in homeostatic
levels (Nordberg et al., 2015; Soetan et al., 2010), low variability in hepatic concentrations can be
related to an adequate accumulation or little interference from antagonistic metals. Considering
that Tlalcozotitlan bats were collected in a rural environment far from large cities and industrial
areas, we can assume that these bats represent a control population for metal exposure (except for
Cd).

Tequixquiac bats showed a complete separation in comparison with the rest of bats, toward the
Factor 2 axis (Figure 4). Tequixquiac bats had higher levels of V, Cr, Co as well as wider
variations of these metals associated to Factor 2 (Figure 2; Supplemental 2). This result may
reflect pollution conditions from point sources (Nordberg et al., 2015; Zambrano et al., 2009),
which were unrelated to the Megalopolis. As with Tlalcozotitlan bats, Tequixquiac bats had low
concentrations of Cu and Zn (Figure 2), which also were associated to Factor 2 (Supplemental 2).
This supports the argument that differences in hepatic Cu and Zn concentrations in bats were
related to the degree of vehicular traffic, which was more important in the Megalopolis
(Apeagyei et al., 2011; Rodriguez-Salazar et al., 2011).

Despite that a higher contribution of metals from industrial activities have been identified in the
northern part of the Megalopolis (Guzman-Morales et al., 2011; Rodriguez-Salazar et al., 2011),
Cuautitlan and Xochimilco bats did not show significant differences in their metal concentrations
(Figure 2), showing similar accumulation patterns (Figure 4). This result suggests that all urban
bats were exposed to metals in a similar way along the Megalopolis, and belonged to the same
population. This similar exposure may be associated to the great flight capacity of Tadarida
brasiliensis (Avila-Flores and Fenton, 2005; McCracken et al., 2016; Wilkins et al., 1989), or a
homogeneous distribution of metals throughout the Megalopolis (Morton-Bermea et al., 2018).
On the other hand, Factor 3 recognized slight differences in the ranges of Pb and Cd
concentrations between Cuautitlan and Xochimilco bats (Supplemental 2). As was previously
mentioned, higher metals variations in Xochimilco bats can be associated to additional point
sources (Xochimilco Lake) in the southern part of the Megalopolis.

Conclusions
All urban bats were exposed to metals in a similar way throughout the Megalopolis, and these
showed higher levels of exposure to only two metals associated to anthropogenic sources related
to this city. Rural bats from each site were exposed to different metals, which were associated to
anthropogenic sources unrelated to the Megalopolis. In this way, Tadarida brasiliensis showed to
be sensitive to the spatial heterogeneity of metal sources in our study area, so it can assist in
detecting potential risks of metal pollution on wildlife and human health in human-dominated
ecosystems. Our study highlight the need to improve the public policies concerning to
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environmental quality, oriented to improving regulations on vehicular traffic in the Megalopolis,
industrial activities around Tequixquiac municipality, and agricultural activities in Copalillo
municipality. The above leads us to propose that additional studies are required to consider
Tadarida brasiliensis as suitable biomonitor of metal exposure. The evaluation of its feeding
habits and the metal concentrations in its main preys, as well as content analysis of metal
particles in its fur, would be useful to confirm the routes of exposure. Likewise, it would be
advisable to extend this study in additional areas to support our interpretations, while analysis of
other chemical contaminants in this bat species could show further sources of pollutions.
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776 Tables

777  Table 1. Metal concentrations (ug/g dw) in livers of insectivorous bats reported in our study and
778  similar studies.

Metal This study Allison et al. (2006) Naidoo et al. (2013)  Hernout et al. (2016)

Mexico, n =70 Australia, n =20  South Africa, n=26 United Kingdom, n =191
(median, interval) (mean) (interval) (median, interval)

\VJ 0.124 (0.025 - 0.731) 0.0155**

Cr 0.038 (0.006 - 0.382) 0.33 <0.007

Co 0.146 (0.065 - 0.473) 0.0805

Mn 16.13 (7.73 - 37.63) 25.2

Ni 0.378 (0.126 - 2.446)* <0.015

Fe 967.2 (398.8 - 1923.4) 706 - 2118.8

Cu 19.24 (10.78 - 41.54) 29.2 8.054 - 25.39 10.7 (0.033 - 30)***

Zn 72.76 (41.64 - 168.5) 152 191.1-376.2 18.8 (0.8 - 274)***

Pb 0.164 (0.022 - 2.004)* 0.18 <0.042 0.33 (0.0024 - 10)***

Cd 0.375(0.08 - 1.631) 0.45 <2.867 0.03 (0.0015 - 2.5)***

Analytical method ICP-MS ICP-MS ICP-OES ICP-MS

Reference material DOLT-4 DORM-2 SRM1566b BCR-185R
(dogfish liver) (dogfish muscle)  (dried oyster tissue) (bovine liver)

Recovery rate 64 - 123% 85 - 134% 67 - 150% 85 - 100%

* Interval without concentrations highly elevated (ng/g): Ni (9.28); Pb (4.07, 8.22, 13.5).
** Concentration not certified.
*** Interval that contains most of the samples. Maximum concentrations (ug/g): Cu (71); Zn (5205); Cd (13); Pb
(5040).
779
780  Table 2. Spearman rank correlations between metal concentrations in livers of Tadarida
781  brasiliensis (n = 70). Rho values are in the left and P-values are in the right. Rho > 0.4 are in
782  bold. Significant P-values are in italic (P < 0.05).

Metal \Y Cr Co Mn Ni Fe Cu Zn Pb Cd
\Y - 0.053 <0.001 0.051 0.13 0.005 0.47 0.019 0.017 0.064
Cr 0.23 - <0.001 0.013 0.033 0.25 0.87 0.091 0.031 0.17
Co 0.61 0.55 - 0.03 0.021 0.009 0.37 0.09 <0.001 0.14
Mn 0.24 0.30 0.26 - 0.014 0.004 <0.001 <0.001 <0.001 0.17
Ni 0.18 0.26 0.28 0.290 - 0.16 0.024 0.002 0.019 0.037
Fe 0.33 0.14 0.31 0.34 0.17 - 0.012 0.011 0.13 0.68
Cu 0.09 -0.02 -0.11 0.46 0.27 0.30 - <0.001 0.006 0.004
Zn 0.28 0.21 0.20 0.45 0.36 0.30 0.76 - <0.001 <0.001
Pb 0.29 0.26 0.40 0.39 0.28 0.18 0.32 0.57 - <0.001
Cd 0.22 0.17 0.18 0.16 0.25 -0.05 0.34 0.46 0.43 -

783
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784 Figures
785  Figure 1. Location of the study sites in Central Mexico. The Tula Industrial Complex (TIC) is
786  located north of our study sites, inside the Mezquital Valley in the State of Hidalgo.
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Figure 2. Metal concentrations (pg/g) in livers of Tadarida brasiliensis from our four study sites
in Central Mexico. Study sites are ordered according to their locations, from north (left) to south
(right). Different letters indicate significant differences among sites (P < 0.025; Dunn test
considering a Bonferroni adjustment of 0/2). Sample size for Tequixquiac, Cuautitlan and
Xochimilco were n = 0, and for Tlalcozotitlan was n = 10. One record of Ni and three of Pb are
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796  Figure 3. Relationship between metal concentrations (ug/g) in livers of Tadarida brasiliensis (n
797  =70) from Tequixquiac (@), Cuautitlan (TJ), Xochimilco (X) and Tlalcozotitlan (a).
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800  Figure 4. Scatterplot for factor analysis scores of livers of Tadarida brasiliensis (n = 69) from
801  Tequixquiac (@), Cuautitlan (T0), Xochimilco (X) and Tlalcozotitlan (a).
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Supplementary materials
Supplemental 1. Quality of the analytical procedure. Sample size for DOLT-4 reference material

was n =5,
Metals DOLT-4 Reference  DOLT-4 Experimental Detection Recovery Coefficient of
concentration concentration limit rate variation

(mg/Kg) (mg/Kg) (H9/Kg) (%) (%)

V 0.6* 0.57 0.10 94.9 13.3

Cr 14* 1.14 0.04 81.1 7.7

Co 0.25* 0.22 0.02 89.5 3.8

Mn - 9.16 ** 0.25 - 5.6

Ni 0.97 1.20 0.50 1235 7.6

Fe 1833 1164.7 9.06 63.5 124

Cu 31.2 31.9 0.09 102.3 6.2

Zn 116 82.5 0.32 71.2 7.4

Pb 0.16 0.14 0.01 84.5 17.6

Cd 24.3 24.0 0.07 98.7 6.0

* Reference concentration recommended.

** Concentration not certified.

Supplemental 2. Correlation matrix of factor analysis to the metal concentrations in liver of
Tadarida brasiliensis (n = 69). The highest loadings of metals by factor are in bold.

Metal Factor 1 Factor 2 Factor 3
\% 0.58 -0.54 0.16
Cr 0.29 -0.52 0.15
Co 0.51 -0.75 0.13
Mn 0.73 -0.06 -0.10
Ni 0.31 0.07 -0.41
Fe 0.57 -0.18 -0.42
Cu 0.68 0.57 -0.28
Zn 0.76 0.43 -0.05
Pb 0.36 0.25 0.62
Cd 0.42 0.41 0.58
Eigenvalue 2.97 1.90 1.23
Variance proportion 29.7% 19.0% 12.3%
Variance cumulative 29.7% 48.7% 61.0%
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DISCUSION

Concentraciones de metales en higados de Tadarida brasiliensis del centro de México

Dependiendo de la cantidad en la que un metal esencial es requerido fisiolégicamente por
los mamiferos, éste es considerado como macro o micro mineral. Aunque no hay una clara
separacion entre minerales (Nordberg et al., 2015; Soetan et al., 2010), la jerarquia de las
concentraciones de metales presentada aqui podria proveer una idea sobre el grado de
importancia de los metales en los procesos fisioldgicos ocurridos en higados de los murciélagos
insectivoros. Esta jerarquia estd de acuerdo con aquellas previamente reportadas por estudios
similares (Allinson et al., 2006; Hernout et al., 2016; Naidoo et al., 2013). Asi, entre los metales
esenciales, Fe puede ser considerado como el mineral con mayor requerimiento fisiol6gico,
seguido por Zn y luego por Cu y Mn. Finalmente, Ni, V, Co y Cr serian requeridos en menores
cantidades. A diferencia de los metales anteriores, Cd y Pb son considerados como metales no
esenciales debido que no participan en procesos fisioldgicos en los mamiferos (Nordberg et al.,
2015; Soetan et al., 2010). Esto puede explicar sus menores concentraciones en las muestras de

higados analizadas.

Se registraron concentraciones muy elevadas de Ni y Pb en algunos individuos (Tablal).
Se han reportado casos aislados de niveles excesivos de algun metal en 6rganos internos de
murciélagos silvestres (Hariono et al., 1993; Williams et al., 2010) y cautivos (Hoenerhoff &
Williams, 2004). Tales concentraciones excesivas han sido atribuidas a caracteristicas

individuales, donde el murciélago pudo haber estado expuesto a condiciones extremas de
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contaminacion por metales, o presentd problemas en el metabolismo y en la excreciéon de los
metales. Considerando que en las zonas de estudio se desarrollan variadas actividades humanas,
no se puede descartar que los altos valores de concentraciones de metales aqui reportados fueran
contribuyentes a la toxicidad. Sin embargo, de acuerdo con Thies & Gregory (1994), el que los
murciélagos fueran capturados durante sus periodos de actividad podria sugerir que éstos tienen
un comportamiento de forrajeo normal, asi reflejando que se encontrarian saludables. Los
murciélagos pueden variar en su resistencia ante la toxicidad de metales, ocurriendo un proceso
de seleccion en la cual algunos murciélagos mueren y otros no, bajo las mismas concentraciones
de metales. En contraste, concentraciones muy bajas de metales esenciales podrian representar
niveles de deficiencia. Sin embargo, este tema ha sido pobremente explorado en murciélagos y

requiere mayor atencion.

La implementacion de diferentes técnicas y procedimientos analiticos en la identificacion
y cuantificacion de metales en organos de murciélagos hace dificil la realizacion de
comparaciones entre distintos estudios (Clarck & Shore, 2001; Zukal et al., 2015). Por lo tanto,
para conducir apropiadas comparaciones, se consideraron estudios publicados que emplearon una
técnica analitica ICP y algin material de referencia estandar, de similar manera a los usados en el
presente estudio. Las concentraciones registradas aqui fueron comparadas con las
concentraciones hepéticas (ug/g dw) de murciélagos insectivoros reportadas por Allinson et al.
(2006), Naidoo et al. (2013) y Hernout et al. (2016) (Tabla 1). Estos estudios mostraron
proporciones de recuperacion similares a las reportadas aqui, a pesar de las diferencias en la
manera en que se digirieron los higados. En general, se encontraron que las concentraciones de
Cr, Mn, Fe, Cu, Zn y Cd en los higados de Tadarida brasiliensis aqui analizados fueron

consistentes con las concentraciones hepaticas reportadas por estudios previos. En contraste, las
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concentraciones de V, Co y Ni estuvieron por encima de los niveles reportados por la literatura.
Es importante considerar que aqui solo se evaluaron individuos machos adultos de una especie de
la familia Molossidae, mientras que los otros estudios analizaron murciélagos de la familia
Vespertilionidae, de diferentes edades y sexos. Entonces, estas diferencias en las concentraciones
internas podrian estar relacionadas a las inherentes caracteristicas fisiologicas de las distintas
familias, a sus habitos alimenticios, y al grado de exposicion asociado a los lugares y fechas de

colecta (Walker et al., 2007; Zocche et al., 2010).

Variaciones de las concentraciones de metales entre zonas

Las mayores concentraciones y variaciones de V registradas en los murciélagos de
Tequixquiac (Figura 2A) podrian estar asociadas al consumo de insectos contaminados por las
emisiones del Complejo Industrial de Tula (CIT), localizado a 20 km al noroeste de Tequixquiac.
Se ha identificado que el V es un residuo de la combustion de combustibles fosiles generados por
el CIT, y que este metal es transportado hacia el sur por accion de los vientos predominantes
(Zambrano et al., 2009), incluso impactando en areas dentro de la Megal6polis ubicadas a 80 km
al sur (Querol et al., 2008). Las concentraciones intermedias de V en los murciélagos urbanos
podrian estar asociadas a una menor influencia de las emisiones del CIT, asi como a la quema de
combustibles fosiles y al polvo liberado a partir de las rocas igneas a nivel local (Guzman-
Morales et al., 2011; Morton-Bermea et al., 2009, 2018), sobre el contenido de V en los insectos
de la Megaldpolis. Las menores concentraciones y variaciones de V en los murciélagos de
Tlalcozotitlan, los cuales fueron colectados a mas de 200 y 145 km al sur del CIT y de la
Megaldpolis respectivamente, indicarian que estos murciélagos no estuvieron expuestos a
importantes fuentes de V.
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Los murciélagos de Tequixquiac tuvieron altas concentraciones asi como mayores
variaciones de Cr y Co (Figura 2B, 2C), lo cual sugiere la influencia de fuentes locales. Se
desconoce la presencia de fuentes importantes de Cr y Co en Tequixquiac y sus alrededores. El
42% del territorio del municipio de Tequixquiac corresponde a areas agricolas (INEGI, 2010),
las cuales son irrigadas principalmente con aguas residuales que pueden estar enriquecidas con
metales liberados por residuos industriales y domesticos provenientes de la Megalopolis. Sin
embargo, la biodisponibilidad de los metales hacia los cultivos es muy baja debido que estos son
inmovilizados en grandes cantidades por la fraccion mineral y la materia organica de los suelos
agricolas (Flores et al., 1997; Lucho-Constantino et al., 2005). De esta manera, seria poco
probable que los murciélagos de Tequixquiac hayan presentado una importante bioacumulacion
de ambos metales a partir de una alimentacion sobre insectos fitofagos. Ademas, los murciélagos
insectivoros pueden ingerir los metales a partir de las aguas residuales cuando ellos la beben o
cuando se alimentan sobre insectos que emergen del agua (Naidoo et al., 2013; O’Shea et al.,
2001). Dado que este tipo de insectos son reportados en bajas cantidades en las dietas de
Tadarida brasiliensis (Lee & McCracken, 2005; Lopez, 2009), sumado al hecho que esta especie
de murciélago necesita consumir agua de manera directa para mantener su balance hidrico
(Wilkins, 1989), es que seria méas probable que la ingesta de Cr y Co haya ocurrido a partir del

consumo de las aguas residuales.

Los murciélagos de Xochimilco parecieron tener mayores concentraciones de Mn que los
demas murciélagos (Figura 2D), lo cual podria estar relacionado a una exposicion local hacia el
Lago de Xochimilco (localizado a 3 km del refugio de dichos murciélagos). Aldana et al. (2018)
encontraron que Mn fue el metal mas abundante en forma de ion libre en las aguas del Lago de

Xochimilco, y que este metal fue el mas bioacumulado en las agallas de los peces locales. Asi, de
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acuerdo a su requerimiento hidrico (Wilkins, 1989), estos murciélagos pudieron haber consumido

agua enriquecida con Mn.

Aunque la presencia de Ni en la Megalopolis y el Valle del Mezquital ha sido ligada a una
variedad de fuentes (Morton-Bermea et al., 2018; Querol et al., 2008; Zambrano et al., 2009), las
similares concentraciones de Ni entre los murciélagos de las cuatro zonas (Figura 2E) pueden
estar relacionadas con fuertes controles homeostaticos. A pesar que en el presente estudio no se
registré una correlacion consistente entre Ni y Zn (Tabla 2), las concentraciones de Ni en los

higados de los mamiferos pueden ser reguladas por la accién del Zn (Sidhu et al., 2004).

Las diferencias en los contenidos de Fe entre mamiferos silvestres y cautivos, asi como
entre ganado expuestos a distintos tipos de crianza, han sido atribuidas a la ingesta no intencional
de polvo o suelo enriquecido con niveles variables de particulas de Fe (Clauss & Plagia, 2012).
Segun esto, es posible que las variaciones en las concentraciones de Fe aqui reportadas (Figure
2F) hayan estado asociadas a las diferencias en las cantidades de Fe liberadas a partir de la
meteorizacion del material parental de las zonas de estudio. En la Megaldpolis y el Valle del
Mezquital se ha reconocido al material parental igneo como la fuente mas importante de Fe
(Morton-Bermea et al., 2018; Querol et al., 2008; Zambrano et al., 2009). Las particulas de Fe
pueden llegar a ser muy abundantes en el material particulado PM;;s, llegando incluso a alcanzar
el 67.7% de la masa total de PM; s, tal como fue reportado para la Megaldpolis (Morton-Bermea
et al., 2018). De esta manera, cantidades importantes de particulas de Fe pudieron haberse
adherido a los insectos y al pelaje de los murciélagos de la Megalopolis y Tequixquiac, siendo
ingeridas por estos murcielagos cuando se alimentaron de tales insectos o se acicalaron (Hariono

et al., 1993; Rendon-Lugo et al., 2017). En contraste, las menores concentraciones de Fe en los
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murciélagos de Tlalcozotitlan pueden estar relacionados a menores niveles de particulas de Fe
generados por el material parental de origen sedimentario, el cual es dominante en el municipio
de Copalillo y areas alrededor (INEGI, 2010). De acuerdo a Lozano & Bernal (2005), las rocas
igneas en México presentan mayores cantidades de Fe que las rocas sedimentarias, con una

proporcion de Fe,O3 y FeO aproximada de 1100:1 y de 300:1 respectivamente.

A pesar de que el higado de los mamiferos ejerce fuertes procesos homeostaticos sobre las
concentraciones hepaticas de Cu y Zn (Milton & Johnson, 1999; Nordberg et al., 2015; Stamoulis
et al., 2007), los murciélagos urbanos analizados parecieron mostrar mayores concentraciones y
variaciones de Cu y Zn que aquellos murciélagos rurales (Figure 2G, 2H). La alta correlacion
reportada entre Cu y Zn (Figure 3A) enfatiza que ambos metales tuvieron el mismo patron de
acumulacién, el cual puede estar asociado a una fuente en comun. Las concentraciones internas
de ambos metales estan usualmente relacionadas a sus contenidos en la dieta (Nordberg et al.,
2015). Los contenidos de Cu y Zn en la Megalopolis se han relacionado principalmente al trafico
vehicular (Guzméan-Morales et al., 2011; Querol et al., 2008; Rodriguez-Salazar et al., 2011), con
mas de 5.3 millones de automdviles (SEDEMA, 2016). Ambos metales pueden ser liberados en
grandes cantidades a partir del desgaste de frenos y neumaticos (Apeagyei et al., 2011). Las
particulas aéreas de Cu y Zn pueden adherirse en cantidades importantes sobre las hojas (Garcia-
Sanchez et al., 2019), incluso igualando sus contenidos internos en las hojas (Guzman-Morales et
al., 2011). De esta manera, aquellos insectos fitdfagos que se alimentan de estas hojas podrian
ingerir altos niveles de Cu y Zn, pasandolos luego a los murciélagos insectivoros de la

Megaldpolis.
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Se han reportado similares concentraciones hepaticas de Pb entre mamiferos a través de
gradientes de urbanizacion (Bilandzi¢ et al., 2010; Dip et al., 2001), las cuales pueden estar
relacionadas a la amplia distribucion de Pb en el ambiente (Lépez-Alonso et al., 2007). ElI Pb
puede ser absorbido por los murciélagos a través de la cadena trofica y de la exposicion
atmosférica (Hariono et al., 1993). Aunque el uso de Pb como aditivo en la gasolina fue
prohibido en México desde 1997, Morton-Bermea et al. (2011) y Rodriguez-Salazar et al. (2011)
sugirieron que la contaminacion de Pb en la Megaldpolis por su uso durante décadas pasadas aun
fue significativa 11 afios después (2008). Walker et al. (2007) reportaron que la biodisponibilidad
de Pb hacia los murciélagos de Bretafia no varié en un periodo de tiempo de al menos 15 afios
(1988 - 2003), a pesar de la marcada reduccion en las emisiones de petréleo con Pb durante el
mismo periodo de tiempo. Por lo tanto, se puede considerar que las similares concentraciones de
Pb en los murciélagos aqui analizados (Figura 21) fueron un reflejo de la contaminacion historica

de Pb y de su consecuente distribucion a lo largo de las zonas de estudio.

Variaciones en las concentraciones hepaticas de Cd en mamiferos puede estar mas
relacionadas a diferencias en los habitos de forrajeo que a una exposicion asociada al grado de
urbanizacion (Bilandzi¢ et al., 2010; Dip et al., 2001). Asi, aunque las presas de los murciélagos
urbanos y de Tequixquiac pudieron estar expuestas a Cd emitido por el trafico vehicular y las
actividades industriales de la Megalépolis (Morton-Bermea et al., 2018; Querol et al., 2008), las
mayores concentraciones de Cd en los murciélagos de Tlalcozotitlan (Figura 2J) indicarian que
sus presas estuvieron expuestas a fuentes mas importantes de Cd. Los murciélagos Tadarida
brasiliensis en zonas rurales se alimentan principalmente de insectos de las familias Lepidoptera
y Coleoptera (Lee & McCracken, 2005; Lépez, 2009), los cuales usualmente son plagas de

cultivos y pueden actuar como rutas de contaminacion a partir de las actividades agricolas (Clark,
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1988; Thies & Gregory, 1994). Debido a que algunos agroquimicos pueden tener altas cantidades
de Cd (Oruc, 2010; Soetan et al., 2010), resultaria necesario explorar con mas detalle los
agroguimicos empleados en el municipio de Copalillo. Por otro lado, en la Cueva de
Tlalcozotitlan se observd una mortalidad masiva de murciélagos durante setiembre del 2016
(Alberto Almazan com. per.). Clark (1988) documenté una mortalidad masiva en murciélagos
insectivoros por acumulacién de pesticidas a través de la cadena trofica. Aungue no se asocio un
impacto adicional de Cd, este autor reporto altos niveles de Cd en las fecas de los murciélagos
afectados. Si fue similar aqui, al menos en parte se podria asumir que los murciélagos de
Tlalcozotitlan analizados fueron sobrevivientes con niveles sub letales de Cd, o que estos

murciélagos aun estuvieron enfrentando una alta exposicién hacia el Cd un afio después.

Asociaciones entre las concentraciones de metales

Las interacciones entre metales durante su bioacumulacién en 6rganos de mamiferos son
complejas ya que mas de dos metales pueden estar involucradas, asi como diferentes
biomoléculas y procesos fisiologicos (Jarzynska & Falandysz, 2011; Lopez-Alonso et al., 2004;
Soetan et al., 2010). En contraste con los animales de laboratorio y ganado, los mamiferos
silvestres enfrentan presiones selectivas que incrementan la probabilidad de mortalidad de
aquellos individuos que son susceptibles al incremento ante la exposicién a metales (Clark &

Shore, 2001; Thies & Gregory, 1994).

Aunque un gran porcentaje de correlaciones significativas registradas en el presente
estudio no fueron fuertes (rho < 0.4), éstas fueron numerosas (Tabla 2), reflejando la posible
importancia del higado en el metabolismo de los metales (Lopez-Alonso et al., 2004). Se registro
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una alta y consistente correlacion entre Cu y Zn (Figura 3A). Aungue no esta claro si ambos
metales estan fisiologicamente asociados en 6rganos internos de mamiferos, puesto que un metal
puede incrementar o inhibir la absorcion del otro (Nordberg et al., 2015; Stamoulis et al., 2007),
el presente hallazgo es consistente con observaciones previas en muestras de higados y bazos de
murciélagos de bosques tropicales montanos de Peri (Ramos-H. et al., datos no publicados).
Segun esto, se puede asumir que la asociacion entre Cu y Zn en higados de murciélagos
representa una acumulacion sinérgica, la cual puede estar asociada a requerimientos
proporcionales o a la exposicion a una fuente antropogénica en comdn. ElI Zn mostrd
correlaciones considerables (rho > 0.4) con otros tres metales, lo cual puede ser reflejo de la
importancia del Zn para la homeostasis de metales en el higado de los mamiferos (Sidhu et al.,
2004; Stamoulis et al., 2007). Asi mismo, las correlaciones del Zn con Cu y Cd aqui registradas
pueden estar relacionadas con la capacidad de estos metales para inducir la sintesis de

metalotioneinas (Lopez-Alonso et al., 2004; Streit & Nagel, 1993).

Pareciera que las concentraciones de Co tuvieron un efecto sobre las de Cr sélo después
de que el primer metal alcanza un umbral (Figura 3B). No hay influencia de Co a bajas
concentraciones, pero cuando Co esta por encima de 0.2 pg/g puede causar una gran variacion en
las concentraciones de Cr. Sin embargo, no se encontr6 informacion sobre ésta interaccion
(Nordberg et al., 2015). El resto de correlaciones entre pares de metales mostraron relaciones
poco claras, a pesar de sus altos o intermedios coeficientes de correlacion. Curiosamente, no se
encontraron importantes correlaciones negativas (Tabla 2), a pesar de que se han reportado
interacciones negativas entre metales. Las interacciones negativas usualmente ocurren bajo
condiciones extremas de exposicion o de deficiencia (Nordberg et al., 2015; Sidhu et al., 2004;

Soetan et al., 2010).
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Patrones de acumulacion de metales en murciélagos

El anélisis factorial explico un valor intermedio del total de la varianza (Suplemento 2), lo
cual puede estar relacionado a la accion tanto de las diferentes fuentes de metales como a las
interacciones entre metales. Los murciélagos proyectados en el grafico de dispersion fueron
separados en tres grupos (Figura 4). Los similares patrones de acumulacion mostrados por los
individuos de cada grupo serian un reflejo de una exposicion similar a partir de las condiciones
geograficas particulares donde estos murciélagos habitan, por lo que cada grupo puede ser
considerado como representativo de una poblacion (Sanchez-Chardi & Lopez-Fuster, 2009; Yang

etal., 2002).

Los murciélagos de Tlalcozotitlan fueron la poblacion con distribucién mas homogénea
en el eje del Factor 1 (Figura 4). A diferencia de los demas murciélagos, en general los de
Tlalcozotitlan mostraron menores valores y/o menor variabilidad en las concentraciones de
aquellos metales esenciales asociados al factor 1 (Figura 2, Suplemento 2). Dado que los metales
esenciales son requeridos y mantenidos en niveles de homeostasis (Nordberg et al., 2015; Soetan
et al., 2010), la baja variabilidad en las concentraciones hepaticas puede estar relacionada a una
adecuada acumulacion o a una escaza interferencia de metales antagonicos. Considerando que los
murciélagos de Tlalcozotitlan fueron colectados en una zona rural lejos de grandes ciudades y
areas industriales, se puede asumir que esos murciélagos representaron una poblacion control

ante la exposicion de metales (excepto para Cd).

Los murciélagos de Tequixquiac mostraron una separacién completa en comparacién del

resto de murciélagos, hacia el eje del Factor 2 (Figura 4). Los murciélagos de Tequixquiac
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tuvieron mayores concentraciones de V, Cr y Co, asi como mayores variaciones de estos metales
asociados al factor 2 (Figura 2, Suplemento 2). Este resultado puede reflejar condiciones de
contaminacion de V, Cry Co a partir de fuentes puntuales (Nordberg et al., 2015; Zambrano et
al., 2009), las cuales no estuvieron relacionadas a la Megaldpolis. Al igual que los murciélagos de
Tlalcozotitlan, los de Tequixquiac tuvieron bajas concentraciones de Cu y Zn (Figura 2), metales
también asociados al factor 2 (Suplemento 2). Esto soporta el argumento que las diferencias en
las concentraciones hepaticas de Cu y Zn en murciélagos estan relacionadas al nivel del trafico
vehicular, el cual es méas importante en la Megal6polis (Apeagyei et al., 2011; Rodriguez-Salazar

etal., 2011).

A pesar que se ha identificado una mayor contribucion de metales provenientes de
actividades industriales en la parte norte de la Megal6polis (Guzman-Morales et al., 2011;
Rodriguez-Salazar et al., 2011), los murciélagos de Cuautitlan y Xochimilco no mostraron
diferencias significativas en sus concentraciones de metales (Figura 2), mostrando similares
patrones de acumulacion (Figura 4). Este resultado sugiere que todos los murciélagos urbanos
estuvieron expuestos a los metales en una manera similar a lo largo de la Megal6polis, y que
pertenecieron a la misma poblacién. La similar exposicion puede estar asociada a la gran
capacidad de vuelo de Tadarida brasiliensis (Avila-Flores & Fenton, 2005; McCrachen et al.,
2016; Wilkins et al., 1989), o a una distribuciobn homogeénea de metales a través de la
Megaldpolis (Morton-Bermea et al., 2018). Por otro lado, el Factor 3 reconocio ligeras
diferencias en la variacion de las concentraciones de Pb y Cd entre los murciélagos de Cuautitlan
y Xochimilco (Suplemento 2). Como fue previamente mencionado, las mayores variaciones de
las concentraciones de metales en los murciélagos de Xochimilco podrian estar asociadas a

fuentes puntuales (Lago de Xochimilco) en la parte sur de la Megalopolis.
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CONCLUSIONES

Todos los murciélagos urbanos estuvieron expuestos a los metales en una manera similar
a través de la Megaldpolis, y éstos mostraron mayores niveles de exposicion solo a dos metales
asociados a fuentes antropogénicas que estuvieron relacionadas a esta ciudad. Los murciélagos
rurales de cada zona estuvieron expuestos a diferentes metales, los cuales fueron asociados a
fuentes antropogénicas no relacionadas con la Megaldpolis. De esta manera, Tadarida
brasiliensis mostré ser una especie sensitiva a la heterogeneidad ambiental de las fuentes de
metales localizadas en el area de estudio, por lo que puede ayudar a detectar riesgos potenciales
de contaminacion por metales sobre la salud humana y de la fauna en ecosistemas dominados por
el hombre. El presente estudio resalta la necesidad de mejorar las politicas publicas relacionadas
a la calidad ambiental, orientadas a mejorar las regulaciones sobre el trafico vehicular en la
Megalopolis, las actividades industriales alrededor del municipio de Tequixquiac, y las
actividades agricolas en el municipio de Copalillo. Los anterior conduce a proponer que se
requieren estudios adicionales para considerar a Tadarida brasiliensis como un biomonitor
adecuado de exposicion hacia metales. La evaluacién de sus habitos alimenticios y de las
concentraciones de metales en sus principales presas, asi como el analisis del contenido de
particulas de metales acumuladas en su pelaje, serian de utilidad para confirmar las rutas de
exposicion. Asi mismo, el extender el presente trabajo hacia areas adicionales ayudaria a soportar
las interpretaciones aqui presentadas, mientras que el andlisis de otros contaminantes quimicos

podria mostrar nuevas fuentes de contaminacion.
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