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Abstract Mercury (Hg) is a highly toxic and widely distrib-
uted metal that is bioaccumulated in insectivorous mammals
and may cause adverse effects on the reproductive system.
Bats are considered excellent Hg bioindicators due to their
wide distribution, life span, trophic position, metabolic rate
and food intake. However, few studies have analysed Hg res-
idues in bats, and to the best of our knowledge, no studies
have been made in the Iberian Peninsula. The main aim of
this study was to undertake the first ever assessment of Hg
exposure in Schreiber’s bent-winged bats inhabiting a natural
cave in the southeast of Spain. The findings suggest that
Schreiber’s bent-winged bats in the sampling area are chron-
ically exposed to low levels of Hg. The Hg concentrations
found in different tissues (fur, kidney, liver, muscle and brain)
were below the threshold levels associated with toxic effects
in mammals. Non-gestating females showed Hg concentra-
tions in the brain and muscle that doubled those found in
gestating females. This could be due to Hg mobilization from
the mother to the foetus in gestating females, although other
factors could contribute to explain this result such as

variations in hunting areas and the insect-prey consumed
and/or different energetic needs and average food consump-
tion during the breeding season. Hg levels were 1.7 times
higher, although not significant, in foetus’ brains than in the
maternal brains, and Hg concentration in foetus’ brain was
significantly correlated with levels in the corresponding
mothers’ kidney. These results suggest that there could be an
active mother-to-foetus transfer of Hg in bats, which would be
of special relevance in a scenario of higher Hg exposure than
that found in this study. However, further research is needed to
support this view due to the limited number of samples
analysed. Given the scarce ecotoxicological data available
for bats and their protected status, we encourage further op-
portunistic studies using carcasses found in the field, the val-
idation of non-destructive samples such as fur and guano for
Hg monitoring, and new modelling approaches that will in-
crease the data needed for proper ecological risk assessment in
bat populations.
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Introduction

Ecosystems are continuously threatened by contaminants such
as metals, which are ubiquitous and occur naturally in the
environment, so there are always background concentrations
of these elements in the environment. Monitoring chronic ex-
posure of animals and humans to toxic metals and evaluating
their effects is a global health concern. During recent decades,
the anthropogenic production of mercury has increased and
subsequently the presence of this metal in the environment has
also increased (Pacyna et al. 2001; Maxson 2005;
Scheuhammer et al. 2007; Streets et al. 2009). Although
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ecosystems are efficient in the filtration and retention of many
metals, Hg can be easily transferred through the aquatic and
terrestrial systems, and it is readily available in food webs
(Morel et al. 1998; Benoit et al., 2003; Ward et al. 2010). In
this sense, it is well known that Hg in the form of methylmer-
cury (MeHg) can enter the food web, where it biomagnifies
along the food chain (Cristol et al. 2008; Jackson et al. 2011;
Henderson et al. 2012; Syaripuddin et al. 2014; Yates et al.
2014). The adverse effects of environmental Hg on the health
of wildlife, including mammals, have been widely reported
(Wolfe et al. 1998; Scheuhammer et al. 2007). MeHg has been
proved to be a potent neurotoxic metal, affecting the repro-
ductive system ofmammals, including bats (Wolfe et al. 1998;
Scheuhammer et al. 2007; Nam et al. 2012; Syaripuddin et al.
2014; Yates et al. 2014). In addition, it is transferred across the
placenta and is able to selectively concentrate in the foetal
brain, where it may cause developmental alterations leading
to foetal death (Wolfe et al. 1998).Moreover, lactational trans-
fer of MeHg to offspring has also been observed (Nam et al.
2012; Yates et al. 2014; Wolfe et al. 1998).

Large spatial scale monitoring is useful for evaluating the
exposure to this metal and its related effects on wildlife and
humans (Schmeltz et al. 2011). Different wild animals are
considered good bioindicators of contaminant exposure and
are widely used in biomonitoring programs across the world
(e.g. birds; García-Fernández et al. 2008; Sánchez-Virosta
et al. 2015; Espín et al. 2016). Bats are recognized as good
bioindicator species for metal pollution (Jones et al. 2009;
Zukal et al. 2015), and may be considered excellent Hg
bioindicators due to the fact that (1) many bat species are
distributed across wide geographic ranges and, while indivi-
duals of several species live in habitats that are relatively pris-
tine, other individuals of the same species live near heavily
industrialized areas or point sources of Hg emission (Yates et al.
2014); (2) most bat species are relatively long-living (Kunz and
Lumsden 2003; Brunet-Rossinni and Austad 2004; Dietz et al.
2009) and so Hg may accumulate with age (Yates et al. 2014);
(3) many bats are at high trophic levels making them suscepti-
ble to biomagnification, especially insectivorous species
(O’Shea and Johnston, 2009; Syaripuddin et al. 2014; Yates
et al. 2014); and (4) bats may be exposed to higher Hg loads
compared to other animals of similar size due to their high
metabolic rate and food intake (Kurta et al. 1989; Streit and
Nagel 1993a; Hickey et al. 2001; Wada et al. 2010). However,
despite their potential as bioindicator organisms, Hg exposure
and its potential detrimental effects are poorly documented in
wild bat populations (Zukal et al. 2015; Hernout et al. 2016b).

The main aim of this study was to undertake the first ever
assessment of Hg exposure in Schreiber’s bent-winged bats
from the Iberian Peninsula. The Schreiber’s bent-winged bat
(Miniopterus schreibersii) (Kuhl 1817) is a small-sized bat
distributed across Europe, North Africa and Turkey. In the
southeast of Spain, this species shows sexual size

dimorphism, females being bigger than males (Lisón 2012).
It is cave-dwelling and may appear in natural caves, tunnels
and mines ranging 350–1000 m.a.s.l. (Lisón et al. 2011), but
always near water bodies (Rainho and Palmeirim 2011). Its
diet is composed of flying insects which it hunts in open areas
and water bodies (Dietz et al. 2009). They form large colonies,
especially in the breeding season when up to 30,000 bats may
congregate (Lisón 2014). However, in the southeast of Spain,
its population has declined by about 70% during the last two
decades (Lisón et al. 2011). As suggested by other researchers,
exposure to metals may be a potential stressor that affects bat
populations that should be evaluated (Mickleburgh et al.
2002; Zukal et al. 2015).

Our specific aims were as follows: (1) to determine the Hg
concentrations in different tissues of Schreiber’s bent-winged
bats (fur, kidney, liver, muscle and brain), (2) to study the
differences in Hg concentrations according to sex and repro-
ductive status (gestating and non-gestating females), and (3)
to evaluate the mother-foetus transfer of Hg during pregnancy.
For this purpose, it is important to consider that many bat
species, including the Schreiber’s bent-winged bat, are rare
or threatened and their protection status limits the acquisition
of samples, meaning that they are frequently unavailable.

Material and methods

Study area and sample collection

Las Yeseras Cave (1°1′45″ N; 38°4′52″ W) is located in the
northeast of Murcia province, southeast of Spain (Fig. 1). It is
a natural cave in a karstic zone with a large citric plantation
around it, and a large number of ponds and a dam. This cave
has a substantial colony of Schreiber’s bent-winged bat com-
posed of at least 3000 individuals, and it is catalogued as
Special Area of Conservation being part of the Natura 2000
network (Lisón et al. 2011). The agricultural soils in this semi-
arid region have metal concentrations following the sequence
Fe > Mn > Zn > Cr > Ni > Cu > Pb > Co > Cd, and concen-
trations are similar to those found in other areas of Spain,
although some plots had high Pb and Cd concentrations
(Micó et al. 2006). Although Micó et al. (2006) did not ana-
lyse Hg concentrations in soils, Pérez-Sirvent et al. (2009)
found a background value of 0.4 mg/kg (values ranged from
0.1 to 2.3 mg/kg) in agricultural soils located in a semi-arid
zone in the southeast of Murcia. This background value was
similar to those reported in other areas of similar lithological
characteristics, although 16% of the samples showed Hg con-
centrations much above background levels (Pérez-Sirvent
et al. 2009). The high salinity of some of the streams in the
area (Millán et al. 2011), together with acidification of the
water, could facilitate the uptake of these metals into the food
chain (Little et al. 2015a).
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The bat colonies were regularly checked, and 100 bats
were captured during a survey in April 2009 in order to
collect data on morphological measurements, sex and re-
productive status. Unfortunately, 24 adult bats died acci-
dentally during handling. However, the unfortunate death
of these individuals provided an interesting opportunity to
increase our knowledge of this species. Ecological risk
assessment in bat populations is limited by a lack of data,
and there is a great need for this kind of ecotoxicological
study to help in the decision making in wildlife conserva-
tion (Zukal et al. 2015).

In the present study, we took an advantage of the car-
casses to analyse Hg concentrations in different tissues.
The sampling was authorized by the local Government of
the province of Murcia. The carcasses were preserved in
glass jars with pure ethanol and frozen until necropsies
and metal analyses were made in October 2011. Few stud-
ies have documented the effect of preservative solutions
on the interpretation of metal analysis (Simmons 2014).
Hernout et al. (2016a) evaluated the leaching of metals
into formaldehyde, and their results suggested that
leaching may occur, especially in the case of Cu.
However, these authors did not evaluate the potential
leaching of Hg. Gibbs et al. (1974) found that specimens
of fish preserved in formalin, ethyl alcohol and isopropyl
alcohol had lower Hg concentrations than unpreserved
frozen subsamples. However, Hill et al. (2010) compared
Hg concentrations of museum fish to Hg concentrations
of unpreserved fish collected from the rivers, and results
were not significantly different. These authors concluded
that preserved museum fish specimens can be used to
evaluate historical changes and predict current levels of
Hg contamination (Hill et al. 2010). Poulopoulos (2013)
found an increase in mean Hg concentration in fish

muscle of 5% after 12 months of formalin/ethanol preser-
vation. Therefore, the Hg concentrations provided in the
present study may be slightly under or overestimated due
to the preservation of samples in ethanol solution.
However, we believe that the leaching would have been
minimized taking into account that the whole carcasses
preserved in ethanol were conserved frozen instead of at
room temperature. We therefore think that our data pro-
vide a good approximation of Hg exposure in the individ-
uals studied.

Carcasses were thawed at room temperature, and dur-
ing the necropsy, body mass (g), forearm lengths (mm)
and organ weights (g) were determined for all the bats;
sex was also registered (Table 1). A total of 120 samples
of kidney, liver, brain, muscle and fur (n = 24 for each
tissue) were collected via necropsy from adult bats. In
addition, we collected the brain of the foetuses from 7
gestating females. After sample collection, the samples
were preserved in Eppendorf tubes and frozen at −20 °C
until analysis. A total of 13 adult males, 11 adult females
(7 gestating and 4 non-gestating females) and 7 foetuses
were necropsied. Gestating females were at the end of the
gestation period. The age was determined by the degree of
ossification of the growth plaques in the epiphysis of the
phalanges on the finger (Dietz et al. 2009).

Mercury analysis

Total mercury (THg) was analysed in 127 samples from
24 adult bats and 7 foetuses in a Milestone DMA-80 di-
rect mercury analyser by atomic absorption spectropho-
tometry with a detection limit of 0.005 ng following the
method described by Espín et al. (2012). Samples (0.2 g
wet weight for liver, 0.04 g for kidney, 0.1 g for brain,

Fig. 1 Map showing the study
area (southeastern Spain)
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0.7 g for muscle and 0.05 g for fur, approximately) were
loaded in a nickel boat and analysed. Hg levels in all
samples well exceeded the limit of detection. A calibra-
tion curve was traced with 11 points (in duplicate) from 0
to 1004 ng of Hg. The method was tested for precision
and accuracy using a certified reference material (CRM)
(Hg Standard for AAS, Fluka, 1000 mg/l Hg in 12% nitric
acid, prepared with high purity Hg metal, HNO3-
TraceSELECT® and water TraceSELECT®Ultra). The re-
covery of total Hg from 5 replicates of CRM diluted to
1 ppm was 98.4 ± 6.6% (mean ± standard deviation). The
coefficient of variation for repeatability was 6.7%. Hg
concentrations were referred to wet or fresh weight
(w.w.). Due to the small size of the matrix samples used,
we decided to analyse samples in fresh weight to avoid
sample loss during the drying process. Other researchers
have analysed Hg in bat samples on a wet and fresh basis
(Yates et al. 2014). Dry weight concentrations can be es-
timated by multiplying the w.w. result by a conversion
factor of 3.7 for liver and 3.9 for kidney (Hartmann
2000). Although some authors used a washing process
prior to Hg analysis to remove any external contamination
in fur (e.g. Flache et al. 2015), other researchers do not
describe any washing process for fur samples prior to Hg
determination (e.g. Yates et al. 2014). In the present study,
fu r samples were no t washed and a po ten t i a l
overestimation of Hg concentrations in fur due to
external contamination cannot be excluded. Yates et al.
(2014) found a significant positive correlation between
methylmercury (MeHg) and THg concentrations in bat

fur, with MeHg accounting for 71–95% (average 86%)
of the THg measured. Thus, given the very limited sample
size to analyse both MeHg and THg, THg can be used as
a surrogate measure for MeHg for the purpose of this
investigation.

Statistical analysis

All analyses were carried out using the SPSS v.15.0 statis-
tical package. ReportedHg values represent themean ± stan-
dard deviation and range (min-max). The data were tested
for normality using the Kolmogorov-Smirnov test. Since
Hg concentrations were not distributed normally, the data
were log-transformed. Differences in Hg concentrations
among tissues were tested with ANOVA and Tukey’s test.
Differences in Hg concentrations between sexes, reproduc-
tive status in females and between mother and foetus were
tested using t tests. Pearson’s correlation coefficient was
used in order to calculate the relationship between varia-
bles. The level of significance was set at α = 0.05.

Results

Hg concentrations in tissues of adult Schreiber’s
bent-winged bats

Hg concentrations in tissues of adults Schreiber’s bent-
winged bats are detailed in Table 1. The Hg distribution
pattern was fur > kidney > liver > muscle > brain

Table 1 Concentrations of total mercury (μg/g, w.w.) in tissues of Schreiber’s bent-winged bat (Miniopterus schreibersii) and forearm and body mass
measurements

Forearm length (mm) Body mass (g) Concentrations of total mercury (mean ± SD and range)

Liver Kidney Brain Muscle Fur

Adults (n = 24) 45.0 ± 1.5 9.8 ± 1.9 0.18 ± 0.08
(0.02–0.38)

0.71 ± 0.50
(0.19–2.23)

0.09 ± 0.04
(0.04–0.21)

0.16 ± 0.07
(0.07–0.36)

1.13 ± 0.48
(0.41–2.27)

Males (n = 13) 45.0 ± 1.6 9.1 ± 1.1 0.16 ± 0.07
(0.02–0.27)

0.79 ± 0.59
(0.19–2.23)

0.09 ± 0.03
(0.04–0.14)

0.15 ± 0.04
(0.07–0.22)

1.20 ± 0.39
(0.68–1.95)

Females (n = 11) 45.0 ± 1.4 10.6 ± 2.3 0.21 ± 0.09
(0.12–0.38)

0.62 ± 0.38
(0.20–1.37)

0.09 ± 0.05
(0.04–0.21)

0.16 ± 0.09
(0.07–0.36)

1.05 ± 0.57
(0.41–2.27)

Gestating females (n = 7) 45.3 ± 0.5 11.9 ± 1.7 0.17 ± 0.05
(0.12–0.28)

0.73 ± 0.43
(0.22–1.37)

0.07 ± 0.02a

(0.04–0.11)
0.12 ± 0.04b

(0.07–0.18)
0.96 ± 0.63
(0.41–2.27)

Non-gestating females (n = 4) 44.5 ± 2.3 8.9 ± 2.4 0.28 ± 0.10
(0.14–0.38)

0.44 ± 0.21
(0.20–0.71)

0.13 ± 0.06
(0.08–0.21)

0.24 ± 0.10
(0.15–0.36)

1.19 ± 0.50
(0.50–1.68)

Foetus (n = 7) 0.12 ± 0.05
(0.05–0.19)

Dry weight concentrations can be estimated by multiplying the wet weight result by a factor of 4 (see Zukal et al. 2015 for details)

n number of samples
a Significant differences in brain Hg concentrations between gestating and non-gestating females (t = 2.561; d.f. = 9; p = 0.031)
b Significant differences in muscle Hg concentrations between gestating and non-gestating females (t = 3.186; d. f. = 9; p = 0.011)
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(Table 1, Fig. 2). We found significant differences in Hg
concentrations among tissues (F = 96.85; d.f. = 4, 115;
p < 0.001). The Tukey test shows that Hg levels were
significantly higher in fur than in the other tissues
(p < 0.001), and in kidney than the rest of tissues
(p < 0.001); there were no significant differences between
the l ive r and musc le (p = 0.945 ; F ig . 2 ) . Hg
concentrations in the liver and brain (r = 0.499;
p = 0.013) and the muscle and brain (r = 0.799;
p < 0.001; Table 2) were positively correlated. We did
not find significant correlations between the forearm
length or body mass and the Hg concentrations in the
different tissues.

Hg concentrations in Schreiber’s bent-winged bats
according to sex and reproductive status

No significant differences in Hg concentrations were found
between males and females (Table 1). When considering the
reproductive status of females, significant differences in Hg
concentrations were found for the brain (t = 2.561; d.f. = 9;
p = 0.031) and muscle (t = 3.186; d.f. = 9; p = 0.011), non-
gestating females having higher Hg levels than gestating fe-
males in both tissues (Table 1).

Hg concentrations in gestating females and foetus
of Schreiber’s bent-winged bats

Foetus brains showed higher, although not significant, Hg
concentrations than the brain of gestating females (t = 4.860;
d.f. = 7; p = 0.055) (Table 1). However, a significant negative
correlation was found between Hg concentrations in kidney of
gestating females and the brain of the corresponding foetus
(r = −0.762; p = 0.047; Table 3 and Fig. 3).

Discussion

Hg concentrations in tissues of adult Schreiber’s
bent-winged bats

In the present study, the highest Hg concentrations were found
in the fur, followed by the kidney, liver, muscle and brain.
Previous studies that involved feeding mice with diets con-
taining Hg found the same distribution pattern, i.e.
fur > kidney > liver > muscle > brain (Hussain et al. 1999;
Bourdineaud et al. 2008, 2012). Sulphur-keratin proteins of
keratinocytes in fur have an affinity for MeHg during the
growing phase (Díez 2009; Dorea 2011), and the fact that
fur is considered an important route of Hg elimination in bats
(Wada et al. 2010) could explain the higher Hg levels found in
the fur in the present study. Little is known regarding the
suitability of using bat fur as a tool for metal biomonitoring,
particularly when analysing Hg and when comparing

Fig. 2 Mean mercury
concentrations (μg/g, w.w.) in
tissues of Schreiber’s bent-
winged bats. Bars represent
confidence intervals (CI) stated at
95% confidence level. Letters
denote significant differences
between tissues (means with
different letter are statistically
different)

Table 2 Relationship between mercury concentrations in tissues of
adult individuals of Schreiber’s bent-winged bat (Miniopterus
schreibersii); n = 24

Kidney Brain Muscle Fur

Liver r 0.333 0.499 0.351 −0.177
p 0.112 0.013 0.093 0.409

Kidney r 0.214 0.035 −0.107
p 0.314 0.872 0.620

Brain r 0.799 0.103

p <0.001 0.631

Muscle r 0.352

p 0.091

Significant correlations are shown in italic

r Pearson’s correlation coefficient, n number of samples
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concentrations in the fur and internal organs (Hernout et al.
2016b). Some studies have found that fur Hg concentrations
are higher in bats captured in contaminated sites compared to
those from reference sites (Wada et al. 2010; Nam et al. 2012;
Yates et al. 2014). The higher Hg concentrations in the fur
could be related with the bat capacity to eliminate part of this
metal through this matrix during fur growth (Wada et al. 2010;
Syaripuddin et al. 2014; Yates et al. 2014; Zukal et al. 2015;
Little et al. 2015b). However, although other researchers have
found that Hg concentrations in the fur are tightly correlated
with endogenous levels in blood (Wada et al. 2010; Yates et al.
2014) and in the liver and brain (Nam et al. 2012; Zukal et al.
2015) in bats, we failed to find significant correlations be-
tween Hg concentrations in the fur and internal tissues
(Table 2). Hg sequestered in the fur indicates internal Hg
levels at the time of fur growth (Yates et al. 2014). Thus,
several factors (e.g. changes in diet and fat mobilization

during breeding) may produce alterations in internal tissue
concentrations that are not reflected in the Hg sequestered in
the fur, lowering these correlations. For example, it is known
that both males and females of this species lose weight during
the dry season (Lisón 2014), and changes in body condition or
starvation may alter the liver lipid content and/or liver mass or
may produce a remobilization of Hg body burdens, which
subsequently leads to increased concentrations in the liver,
as shown for other pollutants in birds (Crosse et al. 2013).
Usually, the moulting season occurs during the end of summer
and beginning of autumn (Fraser et al. 2013) and, as the indi-
viduals were sampled in spring, the bats did not manifest the
characteristics of the moulting season (Fraser et al. 2013).
Therefore, the time elapsing between the last moulting season
and the moment of sampling may be an important factor af-
fecting correlations between Hg concentrations in fur and in-
ternal tissues. However, due to the limited number of samples
in the present study, we cannot draw such a firm conclusion,
and this question should be answered in future research.
Together with this potential time effect, another methodolog-
ical bias that could explain the lack of significant correlations
is potential external contamination in our fur samples. As the
fur samples were not washed before Hg determination, an
overestimation of Hg concentrations in fur cannot be exclud-
ed. However, as previously suggested by other researchers
(Hernout et al. 2016b), any potential external contamination
could have been washed off while carcasses were stored in the
preservative solution (pure ethanol), which would have the
same effect as washing using ethanol or acetone.

Mercury levels in the fur were 3–12 times lower than those
found in the fur of different bat species from non-
contaminated zones (insectivorous (Eptesicus fuscus) from
USA (Wada et al. 2010); insectivorous (Hipposideros,
Rhinolophus) and frugivorous (Cynopterus,Megaerops) from
Malaysia (Syaripuddin et al. 2014); ten species of bats from
USA (Yates et al. 2014); insectivorous (Myotis lucifugus)

Fig. 3 Relationship between
mercury concentrations (μg/g,
w.w.) in kidney of gestating
females and brain of foetus
(r = −0.762, p = 0.047) in
Schreiber’s bent-winged bats

Table 3 Relationship between mercury concentrations in tissues of
gestating females and brain tissue of foetus of Schreiber’s bent-winged
bat (Miniopterus schreibersii); n = 7

Kidney Brain Muscle Fur Foetus (brain)

Liver r 0.018 −0.541 −0.695 −0.171 −0.339
p 0.969 0.210 0.083 0.714 0.458

Kidney r 0.531 −0.150 0.124 −0.762
p 0.220 0.748 0.790 0.047

Brain r 0.683 −0.062 −0.355
p 0.091 0.894 0.435

Muscle r 0.160 0.410

p 0.732 0.361

Fur r 0.434

p 0.331

Significant correlations are shown in italic

r Pearson’s correlation coefficient, n number of samples
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from Canada (Little et al. 2015a)) and 24–116 times lower
than those observed in bats inhabiting contaminated habitats
(insectivorous (E. fuscus) from USA (Wada et al. 2010); in-
sectivorous (M. lucifugus) from USA (Nam et al. 2012); ten
species of bats from USA (Yates et al. 2014)). When compar-
ing Hg concentrations in the fur with the critical Hg threshold
in hair (10 μg/g) associated with neurobehavioural disorders
in mammals (Wren 1986; Hickey et al. 2001; Nam et al.
2012), the concentrations in bats in the present study were
seen to be far below this critical level (Table 1).

Our results showed that the second tissue with the highest
Hg concentration was the kidney, followed by the liver and
muscle, while the lowest Hg concentrations were found in the
brain (Table 1, Fig. 2). Hg is distributed to different organs, the
main accumulation pattern depending on whether exposure is
to organic or inorganic forms of the metal (Gupta 2011;
Bernhoft 2012). Inorganic Hg mainly accumulates in the kid-
neys, and significant deposition may also occur in the liver.
Although inorganic Hg does not cross the blood-brain barrier
efficiently, it can accumulate in brain and foetal tissues (Gupta
2011; Bernhoft 2012). Organic Hg, such as MeHg, accumu-
lates in a higher proportion in the brain and foetus (especially
in the foetal brain) compared to inorganic forms, because of its
ability to penetrate the blood-brain and placental barriers
(Gupta 2011). Some authors suggest that the MeHg demeth-
ylation is mainly conducted in the brain (Vahter et al. 1995),
and this process could limit the neurotoxicity of Hg (Krey
et al. 2012). In spite of this, MeHg can also accumulate in
the liver and kidneys (Gupta 2011; Bernhoft 2012). The Hg
accumulation does not only depend on the forms of mercury
but also on the frequency of the exposure. In cases of chronic
exposure, the kidney:liver ratio of Hg has been proposed as a
means of distinguishing between exposure to MeHg and in-
organic Hg (Scheuhammer 1987). According to this author,
during inorganic Hg exposure, only the kidney accumulates
high levels of Hg; thus, the kidney:liver ratio will be much
higher than unity, whereas if the exposure is to MeHg, the
ratio will be much closer to unity (<2, Scheuhammer 1987).
In the present study, the kidney:liver ratio was 3.9, which
could be considered characteristic of exposure to both inor-
ganic Hg and MeHg. In accordance with this, the significant
positive correlations found between Hg concentrations in the
liver and brain (r = 0.499, p = 0.013) and the muscle and brain
(r = 0.799, p < 0.001) and the lack of correlations between
kidney and other organs (Table 2) could be reflecting exposure
to and accumulation of both Hg forms simultaneously.
Relatively large amount of organic Hg can accumulate in the
brain, and while demethylation takes place in this organ, it has
been suggested that this process does not occur in the muscle
(Gupta 2011). Therefore, chronic exposure to MeHg could
result in strong correlations between muscle and brain concen-
trations and significant but weaker correlations between liver
and brain Hg levels, since the liver also accumulates

substantial proportions of inorganic Hg (Bernhoft 2012). On
the other hand, a simultaneous exposure to inorganic Hg
would mainly result in renal accumulation (Gupta 2011;
Bernhoft 2012), which could explain the lack of significant
correlations between Hg concentrations in the kidney and the
other internal tissues. However, additional studies measuring
total Hg and MeHg simultaneously are needed to support this
hypothesis since other factors such as the limited number of
samples in this study could affect the correlations. Moreover,
due to the small size of the matrix samples, the samples were
analysed in fresh weight to avoid sample loss during the dry-
ing process, which could involve small variation in the mois-
ture content in the samples and affect the correlations between
tissues.

The toxicity of Hg is in part related to its differential accu-
mulation in the tissues, kidney and brain being the major tar-
get organs (Gupta 2011). The maximum renal and hepatic Hg
concentrations found in the present study (2.23 μg/g w.w. in
the kidney and 0.38 μg/g w.w. in the liver, c.a. 8.7 μg/g d.w.
and 1.4 μg/g d.w. in the kidney and liver, respectively, using a
conversion factor of 3.9 and 3.7 according to Hartmann
(2000)) were well below those associated with adverse effects
(ataxia, anorexia, paralysis, nephrotic and neurologic lesions)
or death in other mammals such as mink (Mustela vison) or
otter (Lutra canadensis) when they were orally exposed dur-
ing an intermediate duration exposure (20–60 μg/g w.w.,
Thompson 1996, Wolfe et al. 1998). In general terms, the
Hg concentrations found in brain samples in the present study
(0.09 μg/g w.w. or c.a. 0.36 μg/g d.w. using a conversion
factor of 4, see Zukal et al. (2015) for details) were similar
to those found by Nam et al. (2012) in the brain of bats in non-
contaminated or reference sites (0.34 μg/g d.w.; Nam et al.
2012), and 20 times lower than levels found for contaminated
sites (7.14 μg/g d.w.; Nam et al. 2012). More importantly,
mean Hg concentrations in brain were lower than those related
with neurological and neurochemical effects in other mam-
mals like minks or otters (Wolfe et al. 1998).

Schreiber’s bent-winged bat has a preference for water-
courses, forest and scrubland zones (Lisón et al. 2013). They
feed on flying insects, which they hunt in open areas and water
bodies (Dietz et al. 2009). In the study area, the species mainly
forage in wetlands and rivers (Lisón et al. 2010; Lisón 2014).
Several studies have demonstrated that invertebrates can act as
biovectors, transferring Hg from lakes to terrestrial predators
(e.g. Haro et al. 2013; Hernout et al. 2013, 2015; Tweedy et al.
2013), and most of the THg in larvae seems to be in the form
of MeHg in freshwater food webs (Haro et al. 2013). Despite
their preference for aquatic-based prey in the study area, the
Hg concentrations found in internal tissues and fur suggest
that Schreiber’s bent-winged bats in the present study are ex-
posed to low levels of Hg, possibly to a combination of both
inorganic Hg and MeHg forms. This could be indicative of
relatively low Hg pollution in the area, although due to the
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small sample size and other methodological limitations, this
should be interpreted with caution and more studies are need-
ed for a more accurate assessment of Hg contamination.
Moreover, our study area is characterized by a semi-arid cli-
mate with c.a. 300 mm of annual rainfall and an average
temperature of 17 °C. Rainfall has been found to be an impor-
tant factor influencing Hg levels in blood of birds in this re-
gion, since it contributes to the removal of Hg from the atmo-
sphere, local wet deposition and mobilization (Espín et al.
2014). Therefore, the low annual rainfall in the area could
contribute to the lower Hg mobilization compared to other
sites with more abundant rainfall. In a different study on gua-
no samples collected in the same cave, Hg was detected even
in the lower layers of guano (authors’ unpublished data).
Thus, we believe that the colony of Schreiber’s bent-winged
bats studied is chronically exposed to low doses of this metal.

Hg concentrations in Schreiber’s bent-winged bats
according to sex and reproductive status

There were no significant differences in Hg concentrations
between males and females in any of the tissues studied
(Table 1). This lack of significant differences between sexes
in bats has been observed by other authors (Lueftl et al. 2003;
Nam et al. 2012; Syaripuddin et al. 2014). This suggests that
both sexes are equally exposed to dietary Hg and that the
distribution pattern of Hg in the body is not dependent on
sex (Kalisinska et al. 2012; Henderson et al. 2012;
Syaripuddin et al. 2014; Yates et al. 2014). However, some
studies have described significant differences in Hg concen-
tration between sexes (Allinson et al. 2006; Yates et al. 2014),
so the lack of significant differences in the present study may
be due to the low number of samples available.

On the other hand, we found significant differences for Hg
levels in the brain and muscle between gestating and non-
gestating females, non-gestating females having Hg concen-
trations two times higher in these tissues (Table 1). Numerous
studies have provided evidence of the placental transfer of
MeHg in humans and other mammals (e.g. Dock et al. 1994;
Chen et al. 2014). Therefore, Hg mobilization from mother to
foetus and, consequently, lower Hg concentrations in gestat-
ing females could explain this difference (Wolfe et al. 1998).
In this sense, Greenwood et al. (1978) observed that the half-
life of Hg clearance in blood was lower in lactating females
than in non-lactating females. This difference may also be
related to variations in hunting areas and insect-prey con-
sumed and/or different energetic needs and average food con-
sumption by Schreiber’s bent-winged females during the
breeding season, which could affect the Hg intake. In
France, it was observed that hunting areas of lactating females
were larger than those of gestating females in this species
(Vincent et al. 2010). Moreover, the gestating females showed
a preference for urban areas, crops and water bodies, while the

lactating females preferred woodland areas (Vincent et al.
2010). In addition, differences in food consumption and ener-
gy budgets have been observed in other bat species (Mclean
and Speakman 1999; Encarnação and Dietz 2006). In this
sense, Encarnação and Dietz (2006) found that pregnant fe-
males of Daubenton’s bats (Myotis daubentonii) in Germany
spent significantly more time foraging during the periods of
pregnancy than females during the post-lactation period.
These authors calculated that the insect intake of female bats
was 8.0 g during pregnancy and 4.9 g per day during post-
lactation (providing 5.0 and 3.0 kJ of ingested energy per
gramme body mass per day). However, there have been no
studies showing the foraging areas, diet and energetic needs of
Schreiber’s bent-winged bats in Spain (Lisón 2014), although
significant differences in the diet before and after the breeding
season have been found in other bat species near the study
area (Lisón et al. 2015). Therefore, further studies are needed
in order to evaluate the potential differences in the prey com-
position and the average food consumption by non-gestating
and gestating females, and to ascertain whether these differ-
ences affect Hg exposure in bats.

Hg concentrations in gestating females and foetus
of Schreiber’s bent-winged bats

Different researchers have reported that ready maternal trans-
fer ofMeHg across the placenta selectively concentrates Hg in
the foetal brain of mammals and may produce embryonic
pathological effects and malformations, altering the breeding
success (Reuhl et al. 1981; Wolfe et al. 1998). Our results
showed that Hg concentrations in the brain of the foetus were
higher (1.7 times) than the corresponding levels found in the
mothers, although the difference was not significant
(p = 0.055; Table 1). In rats fed with MeHg, Yang et al.
(1972) found Hg concentrations in the foetal brain that were
twice as high as in the maternal brain, and a similar
phenomenon was described by Wannag (1976) in the same
species. Moreover, we found a significant negative correlation
between Hg concentration in foetus brain and the mothers’
kidney (Table 3 and Fig. 3). In this regard, some studies have
found a correlation between Hg levels in brain of neonate rats
and a lower retention of inorganic Hg in their mothers (Jugo
1976; Yoshida et al. 2002). These results could suggest that
the bat females transfer Hg to their foetus across the placenta.
This transfer of Hgmay also occur later during lactation (Streit
and Nagel 1993b). Metallothioneins (MT) probably play an
important role in such Hg distribution. Although without sig-
nificant differences, the mean Hg renal concentration in preg-
nant females of this study was almost twice as high as levels
found in non-pregnant females (Table 1; t = −1.0846; d.f. = 9;
p = 0.306). Yoshida et al. (2002) showed that pregnant mice
had higher renal MT levels than non-pregnant mice and that
these MT levels were greatly increased after 24 h of exposure
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to Hg vapour. These authors also concluded that a large
amount of Hg in the placenta was associated with MTand that
MT in maternal tissues protect against Hg transfer from moth-
er to foetus, regulating Hg distribution in the foetus and
playing a defensive role against Hg toxicity (Yoshida et al.
2002).

The mean Hg concentrations in foetus brain (0.12 μg/g
w.w. or ca. 0.48 μg/g d.w. using a conversion factor of 4,
see Zukal et al. (2015) for details) were lower than the levels
associated with neurological and neurochemical effects in oth-
er mammals (Wolfe et al. 1998). It is important to consider that
bats are hibernating animals and in other hibernating mam-
mals, such as polar bears, it has been observed that the Hg
transfer is high during spring (Knott et al. 2012). Since the
breeding period in bats occurs in spring, the risks of Hg for bat
foetuses could be higher than in non-hibernating mammals.

Although the results of the present study could suggest
maternal transfer of Hg, the correlation between Hg concen-
trations in kidney of gestating females and brain of foetuses
(p = 0.047) was at the limit of statistical significance, which
could be related with the small sample size. Therefore, we
recommend further research to improve understanding of the
maternal transfer of Hg to offspring in bats. As discussed by
Zukal et al. (2015), given the conservation and protection
status of bat species in different countries, it is not possible
to perform in vivo experiments using bats or even use them in
contaminant monitoring programs. Therefore, the acquisition
of data in bats is strictly limited (Zukal et al. 2015). Carcasses
found in the field present a good opportunity to increase our
knowledge, although as shown in this article, opportunistic
studies of this nature present limitations such as the number
of samples or the availability of pregnant bats. We encourage
the use of modelling, which could be an interesting approach,
given the scarce ecotoxicological data available in bats. This
kind of studies would be a valuable contribution to filling the
data gap in this field and would have important implications
for ecological risk assessment in bat populations and decision
making in wildlife conservation.

Conclusions

This study is the first ever assessment of Hg exposure in a bat
species (M. schreibersii) from the Iberian Peninsula. Our find-
ings suggest that Schreiber’s bent-winged bats in Las Yeseras
Cave are chronically exposed to low levels of Hg. Bats could
be exposed to both inorganic Hg and MeHg forms, but addi-
tional studies measuring total Hg and MeHg simultaneously
are needed to support this hypothesis. The Hg concentrations
found in different tissues are below the threshold levels asso-
ciated with toxic effects in mammals. Non-gestating females
showed Hg concentrations two times higher in the brain and
muscle than those found in gestating females. This could be

due to Hg mobilization from the mother to the foetus in ges-
tating females, although other factors could explain this, such
as variations in hunting areas and the insect-prey consumed
and/or different energetic needs and average food consump-
tion during the breeding season that could affect the Hg intake.
Further studies evaluating the diet composition and average
food consumption in non-gestating and gestating females are
needed in order to better understand these differences.

Our findings do not support fur as a good indicator of Hg
concentrations in internal tissues in bats. The lack of correla-
tions between Hg concentrations in the fur and internal tissues
suggests that additional studies are needed in order to better
understand the transfer of Hg into the fur in bat species. Guano
deposits form different areas may also be a relevant non-
destructive matrix for monitoring trends in metal exposure,
and new studies using this type of sample are recommended.

Despite the variation in moisture content in the samples, and
the potential underestimation and/or overestimation of Hg con-
centrations due to methodological bias (effect of preservative
solution in Hg content and external contamination for fur sam-
ples), we think that the results reported in this study are a good
approximation of Hg exposure in the bat colony evaluated.

The present study suggests that there could be an active
mother-to-foetus transfer of Hg in bats, which would be espe-
cially relevant in scenarios of higher Hg exposure than that
reported in this study. However, this result should be
interpreted with caution due to the limited number of samples.
Given the scarce ecotoxicological data available in bats and
the protected status of bats in many countries, we encourage
further opportunistic studies using carcasses found in the field,
the validation of non-destructive samples such as fur and gua-
no for Hgmonitoring, and new modelling approaches in order
to fill in this data gap. Such knowledge is needed for proper
ecological risk assessment in bat populations and decision
making in wildlife conservation.
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