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Abstract In the southeastern Peruvian Amazon, artisanal
and small-scale gold mining (ASGM) is estimated to have
released up to 300 tonnes of mercury (Hg) to the environ-
ment between 1995 and 2007 alone, and is claimed to be
responsible for Hg concentrations above international
thresholds for aquatic wildlife species. Here, we examined
whether Hg concentrations in bat populations are potentially
related to regional ASGM-Hg releases. We determined Hg
concentrations in the fur of bats collected at three different
distances from the major ASGM areas in Peru. Our findings
from 204 individuals of 32 species indicate that Hg con-
centrations in bat fur mainly resulted from differences in
feeding habits, because Hg concentrations were

significantly higher in omnivorous bats than in frugivorous
bats. At least in two species, populations living in ASGM-
affected sites harbored higher Hg concentrations than did
populations in unaffected sites. Because Hg concentrations
reflect Hg dietary exposure, Hg emissions from amalgam
roasting sites appear to deposit locally and enter the ter-
restrial food web. Although our study demonstrates that
ASGM activities (and Hg point sources) increase Hg
exposure in wildlife, the overall Hg concentrations reported
here are relatively low. The measured Hg concentrations
were below the toxicity threshold at which adverse neuro-
logical effects have been reported in rodents and mink
(>10 µg g−1), and were in the range of Hg concentrations in
the fur of bats from nonpoint source affected sites in other
latitudes. This study emphasizes the importance of con-
sidering feeding habits when evaluating Hg concentrations
in bats and other vertebrates.

Keywords Mercury ● Hg ● Gold mining ● Bats ● Amazon
rainforest ● wildlife

Introduction

Artisanal and small-scale gold mining (ASGM) is currently
the largest global anthropogenic source of mercury (Hg)
(UNEP 2013). Gold miners use metallic Hg (Hg0) for
extracting gold particles from alluvial ores by amalgama-
tion. However, because of the lack of efficient recovery
techniques, Hg0 is released into soils, tailing, and water
systems during the amalgamation process and into the
atmosphere during the roasting of the amalgam. Metallic Hg
has a relatively long atmospheric residence time, between
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6 months and 2 years, resulting in its capacity to travel great
distances before being deposited in terrestrial and aquatic
ecosystems (Driscoll et al. 2013; Engstrom et al. 2014;
Lamborg et al. 2002).

The main concern about Hg lies in its toxicity and
adverse health effects. Under anoxic conditions, for exam-
ple, atmospheric-deposited or waterborne Hg is methylated
and produces a potent neurotoxin that readily enters the
food-web and accumulates in living organism (Eckley and
Hintelmann 2006; Ullrich et al. 2001). Because methyl-Hg
is able to penetrate the blood-brain barrier and biomagnify
along the trophic web, top predators—especially fish-eaters
—are at a high risk of Hg dietary exposure. Mercury-
associated neurochemical changes and functional beha-
vioral deficits have been demonstrated both in humans and
other mammals, such as rodents, otters, mink, and bats
(Basu et al. 2005; Bose-O’Reilly et al. 2016; Burton et al.
1977; Nam et al. 2012; Wobeser et al. 1976).

In Latin America, ASGM is an ever-growing activity
since the 1970s, when the second gold rush started. In the
southeastern Peruvian Amazon (within the Tropical Andes
biodiversity hotspot; Myers et al. (2000)), the Madre de
Dios region accounts for 70% of the country’s artisanal gold
production (Brooks et al. 2007). Between 1999 and 2012
alone, the land use for ASGM in Madre de Dios increased
by 400% in this region (Asner et al. 2013). Although the
extent of Hg losses from gold mining activities is still
unclear, it is estimated that between ~160 and ~300 tonnes
Hg were emitted into the atmosphere between 1995 and
2007 (based on a Hg-to-gold ratio of 1:1 and 2:1 for gold
extraction process with and without retorts, respectively)
(Mosquera et al. 2009).

Based on these estimates of Hg losses, Hg concentrations
in environmental and fish samples from southeastern Peru
that were above international thresholds have been asso-
ciated to Hg releases from regional gold mining activities
(CAMEP 2013; Deza Arroyo 1996; Diringer et al. 2015;
Gutleb et al. 2002, 1997; Roach and Busch 2004). The
direct link between Hg releases from gold mining activities
and Hg concentrations in environmental samples and
wildlife has not been unambiguously demonstrated
(Laperche et al. 2014; Roulet et al. 1998). On one side, the
pathway by which Hg0 enters the aquatic trophic web (i.e.,
its conversion into methyl-Hg) and the factors controlling
the accumulation of Hg throughout the food web are still
not fully understood. Laboratory experiments suggest that
oxidation and dissolution of Hg0 is enhanced in oxygenated
environments and in the presence of dissolved organic
matter or manganese oxide (Meech et al. 1998; Melamed
et al. 2000; Miller et al. 2015). This pathway may be limited
in some rivers of the Madre de Dios region because the
content of organic matter is low and bottom sediments are
exclusively oxic due to high water current (Moreno-Brush

et al. 2016). On the other side, Hg concentrations that have
been determined in regional environmental samples
resemble those from unpolluted areas (Beal et al. 2013;
Diringer et al. 2015; Moreno-Brush et al. 2016). Further-
more, we lack Hg baseline data obtained from wildlife
living in unpolluted areas of this region with which to
compare the current Hg concentrations in wildlife of pol-
luted areas.

To contribute to the understanding of Hg exposure
associated with gold mining of wildlife in southeastern
Peru, we determined Hg concentrations in the most abun-
dant bat species (Chiroptera) in the region. Research and
public attention have so far focused on Hg exposure of
regional fish and fish-eating wildlife species; however,
vertebrate species that do not live on a fish-based diet have
rarely been examined. Bats may serve as good Hg bioin-
dicator because of their unique life history and biology
(Hickey et al. 2001; Jones et al. 2009; Wada et al. 2010;
Yates et al. 2014; Zukal et al. 2015). They are widely dis-
tributed and cover both low and high trophic levels due to
their different feeding habits. Bats may also be more sus-
ceptible to Hg bioaccumulation than other similarly sized
mammals because of their relatively long life expectancy,
i.e., bats may accumulate Hg with age. Furthermore, bats
are also more susceptible to Hg biomagnification than other
mammals due to their high metabolic rate and their high
food intake in relation to their body mass. Insectivorous
bats, for example, can consume up to 100% of their body
mass daily (Hickey and Fenton 1996). Most previous stu-
dies that have investigated Hg concentrations in bats have
focused in temperate regions, mostly in North America and
on insectivorous species (Karouna-Renier et al. 2014; Little
et al. 2015a, b; Miura et al. 1978; Nam et al. 2012; O’Shea
et al. 2001; Wada et al. 2010; Yates et al. 2014). To our
knowledge, Hg concentrations in tropical bats are only
described for Malaysia (Syaripuddin et al. 2014).

We analyzed total Hg concentrations in fur of bat species
that differed in feeding habits and sampled at three sites
varying in distance to the major ASGM areas in south-
eastern Peru. If Hg derived from gold mining is enriched in
bats, it should be reflected in the fur—a proxy for methyl-
Hg content in blood and internal organs (Yates et al. 2014).
Higher Hg concentrations have been reported from bats
captured near historical Hg-contaminated sites, compared to
bats from nonpoint-source affected sites (Karouna-Renier
et al. 2014; Nam et al. 2012). We hypothesize two sce-
narios: (1) If ASGM-related Hg emissions are deposited
locally, close to the amalgam roasting sites, we would find a
spatial pattern of exposure, i.e., bats living in the proximity
of Hg point source emissions should contain higher Hg
concentrations than those in distant, less affected sites. (2) If
ASGM-related Hg emissions are not deposited locally but
are subject to long-range atmospheric transport (i.e., beyond
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the lowland Amazon of southeastern Peru), bats throughout
the study region would present similar Hg concentrations.
We further explored associations between Hg concentra-
tions in fur and intrinsic specific traits, i.e., feeding habit,
sex, reproductive status, and body size, to identify ecolo-
gical and physiological factors affecting Hg accumulation in
the examined bat species. If variations in Hg concentrations
mainly reflect Hg dietary exposure, and Hg releases from
gold mining activities indeed biomagnify throughout the
local terrestrial food web, bat species of higher trophic
levels would show higher Hg concentrations than bat spe-
cies of lower trophic levels. Similarly, if Hg accumulates in
bats with age, adult bats would present higher Hg con-
centrations than juveniles.

Materials and methods

Study area and sample collection

Bat capturing and sampling were conducted in the Madre de
Dios region, at three different sites varying in distance to the
major regional ASGM mines, between November 2014 and
July 2015 (Fig. 1). The site closest to the gold mining
activities is Santa Rita (SAN) (1), located ~26 km East from
mine Huepetuhe—the country’s largest ASGM mine
(Brooks et al. 2007)—and ~15 km West from mine La
Pampa. Gold mining by sluicing and dredging is observed
at the sampling site, although in smaller proportion than in
Huepetuhe and La Pampa. The site Malinowski (MAL) (2)
is located ~78 km East of Santa Rita, within the forest of the
buffer zone of the Tambopata National Reserve, where
illegal ASGM also occurs. The site Tahuamanu (TAH) (3)
is located furthest and upwind from the gold mining
activities (~190 km North from Malinowski) and is assumed
to be unaffected by gold mining-related Hg emissions.

Bats were captured using mist nets (12× 2.5 m) that
were set up in the understory along presumed transit paths
between roosting and foraging areas. Nets were opened for
6 h at dusk for 8–10 consecutive nights. Field excursions
were conducted 10 nights before and 10 nights after new
moon to reduce the influence of lunarphobic behavior of
bats (Morrison 1978; Usman et al. 1980). Fur samples
(~5–90 mg) were cut from the mid-dorsal region of captured
specimens using stainless steel scissors and were stored in
sterile cryovials until laboratory analysis. Scissors were
cleaned with water and ethanol between samples to avoid
cross-contamination. Captured bats were identified in the
field using a morphological identification field key (Díaz
et al. 2011). Field data taken included age (juvenile, sub-
adult, adult; based on the form of the fourth metacarpal-
phalangeal joint (Kunz and Anthony 1982)), sex, body mass
(measured with pesola scales), and forearm length

(measured with an electronic vernier scale). Feeding habits
of each species were determined from the literature (Carrera
2003; Fleming 1988; Kalko et al. 1996; Moya et al. 2008).
All bats were released near the place of capture immediately
after processing, except those which could not be identified
using the available field key. Non-identifiable bats (n= 4)
were sacrificed and taken to the Universidad Nacional San
Antonio Abad del Cusco for identification by means of
skull morphology. Capture and handling procedures were
conducted under the research permit (N° 006-2015-SER-
NANP-JEF) obtained from the Peruvian authorities of the
national protected areas (Sernanp).

Mercury analyses

Mercury analyses were performed at the TU Braunschweig,
Germany. Mercury concentration in fur samples was
determined by thermal decomposition followed by pre-
concentration of Hg on a gold trap and CVAAS Hg
detection using a Milestone DMA-80 analyzer (US EPA
Method 7473). In order to avoid problems caused by static
electricity, fur samples were analyzed inside small glass
tubes (previously washed with Milli-Q water and con-
centrated HNO3). Analytical quality was ascertained by
standard reference materials—NCS-DC73322 (590 ± 50 ng
g−1, mean ± standard deviation), Canmet LKSD-4 (190 ±
19 ng g−1), and DORM-4 (410 ± 55 ng g−1)—and by
sample replicates, which were included with about every ten
samples. The average measured concentration for NCS-
DC73322 (n= 21) was 609± 24 ng g−1, for LKSD-4 (n=
34) it was 183± 17 ng g−1, and for DORM-4 (n= 9) it was
414± 29 ng g−1. Replicate analyses of 17 randomly selec-
ted samples were always within ±11% RSD.

The Milestone DMA-80 analyzer is calibrated in abso-
lute nanograms of Hg. Therefore, its limit of quantification
(LOQ)—calculated from a specific calibration (according to
DIN 32645 or Neitzel 2002)—is equally expressed in
nanograms. We report the Hg concentrations of samples
that fell below the DMA-80 LOQ (about ~40% of the total
analyzed samples) as <LOQ-values (µg g−1). LOQ-values
expressed in concentration units were calculated by dividing
the LOQ of the DMA-80 (in nanograms) and the sample
weight (in grams).

Statistical analyses

As our data were not normally distributed, based on a post-
hoc Anderson-Darling test, we used non-parametric tests for
all statistical analyses. Due to the high number (~40%) of
<LOQ-values in our dataset, descriptive statistics were
calculated using a non-parametric Kaplan-Meier survival-
analysis method, following Helsel (2012). For statistical
comparison of Hg concentrations at genus and species level,
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the data were ranked (all <LOQ-values were assigned a
value of 1) and analyzed using a Kruskal-Wallis analysis of
variance (KW-ANOVA) on ranks with a 0.05 significance
level. If groups were found to be significantly different, we
used a Mann–Whitney U-test for pairwise comparison.
Because of the small number of group comparisons done
throughout the study (up to six comparisons) and the very
few values within some of the groups, we did not adjust p-
values of the the Mann–Whitney U-test for multiple com-
parisons. All statistical analyses were done using OriginPro
software, version 9.0.0 (www.originlab.com).

Results

During the field campaigns of 2014 and 2015, a total of 204
fur samples were obtained from 32 bat species belonging to
four families and six feeding habits. Only nine species were

represented by more than three specimens (SI-Table 1 in
supplementary information). When combining all samples,
the median fur Hg concentration in Santa Rita (SAN), the
site closest to gold mining activities, was 0.66 µg g−1 (range
from <LOQ to 8.67 µg g−1, Kaplan-Meier estimated mean
1.18± 1.49 µg g−1, n= 75). In Malinowski (MAL), located
at an intermediate distance from gold mining activities, the
median fur Hg concentration was 0.23 µg g−1 (range from
<LOQ to 4.86 µg g−1, Kaplan-Meier estimated mean 0.45
± 0.71 µg g−1, n= 95), whereas in Tahuamanu (TAH), the
most distant site from gold mining activities, the median fur
Hg concentration was 0.22 µg g−1 (range from <LOQ to
3.66 µg g−1, Kaplan-Meier estimated mean 0.42± 0.62 µg
g−1, n= 34). The highest Hg concentration (8.67 µg g−1)
was found in an adult male Phyllostomus elongatus
(omnivorous/insectivorous; (Bernard 2002, 2001)) sampled
in SAN.

Fig. 1 Study area in Madre de
Dios region, southeastern
Amazon of Peru. Shown are the
three sampling sites (circles) and
the area with artisanal and small-
scale gold mining (ASGM)
concessions. Huepetuhe is the
largest ASGM mine in Peru.
Puerto Maldonado is the capital
city of Madre de Dios, where
most regional gold shops are
located. The layer of the mining
concessions was downloaded
from the website of the Peruvian
Geological, Mining, and
Metallurgical Institute
(INGEMMET). Predominant
wind direction is from the
northeast
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From all fur samples, 79 (~40%) showed Hg con-
centrations below the LOQ. Almost all <LOQ-values (97%)
corresponded to frugivorous species, mostly from the genus
Artibeus (SI-Table 1). Fur Hg concentrations in frugivorous
species (median 0.26 µg g−1, Kaplan-Meier estimated mean
0.48± 0.64 µg g−1, n= 154) were significantly lower (p<
0.001, Mann–Whitney test) than in non-frugivorous species
(median 1.16 µg g−1, Kaplan-Meier estimated mean 1.80±
1.83 µg g−1, n= 29) (singleton species omitted). Among the

frugivorous species, Carollia perspicillata showed the
highest median Hg concentration (median 0.66 µg g−1),
whereas P. elongatus showed the highest median Hg con-
centration (median 1.90 µg g−1) among the non-frugivorous
species. No sample surpassed the threshold of >10 µg g−1 at
which adverse neurochemical effects are reported in wild
mice (Burton et al. 1977) and captive mink (Wobeser et al.
1976).

To determine the effects of ASGM-related Hg releases
on regional bat populations, we further examined the genera
and species captured in the three study locations, i.e.,
Artibeus (A. planirostris (frugivorous, n= 35)), Carollia
(C. brevicauda (frugivorous, n= 13) and C. perspicillata
(frugivorous, n= 65)), and Phyllostomus (P. elongatus
(omnivorous/insectivorous, n= 16)). At the genus level, Hg
concentrations in fur differed significantly between Arti-
beus, Carollia, and Phyllostomus in all three study locations
(p< 0.007, KW-ANOVA; SI-Table 2). Artibeus showed in
all locations the lowest Hg concentrations, followed by
Carollia and Phyllostomus (p ≤ 0.03, Mann-Whitney test).
At a species level, A. planirostris showed lower Hg con-
centrations than the other three bat species in ASGM-
affected locations SAN and MAL (Fig. 2a–b). In all three
locations, Hg concentrations in P. elongatus were higher
than in A. planirostris and C. perspicillata (Fig. 2a–c). In
locations SAN and TAH, Hg concentrations observed in P.
elongatus did not differ from those in C. brevicauda. We
found no significant difference between Hg concentrations
in C. brevicauda and in C. perspicillata in any of the study
locations (Fig. 2a–c).

When comparing populations of the same bat species at
the different study locations (Fig. 1d), only the populations
of C. perspicillata differed significantly among the three
study locations (p< 0.001, KW-ANOVA; p ≤ 0.006, Mann-
Whitney tests; Fig. 2d). The median Hg concentration in C.
perspicillata in SAN (1.19 µg g−1), the closest location to

Fig. 2 Median mercury (Hg) concentrations in the fur of the bat
species A. planirostris, C. brevicauda, C. perspicillata, and P. elon-
gatus in the southeastern Amazon of Peru. Bats were sampled at three
locations varying in distance to the major regional ASGM operations.
a–c Hg concentrations in bat species grouped by genus at each study
location. d Hg concentration in bat populations grouped by species.
Locations: SAN and MAL are ASGM-affected, whereas TAH is dis-
tant from ASGM activities and considered unaffected (see sampling
locations in Fig. 1). Data are presented as raw data points (diamonds)
and grouped box plots. For each population, only the data above the
maximum limit of quantification (LOQ, dashed line) are shown.
Populations of A. planirostris at the different study locations were not
compared due to the high number of values below the LOQ. Letters
represent results of pairwise comparisons using Mann-Whitney tests,
indicating significant differences in fur Hg concentrations among
species or sampling locations. Populations with different letters are
significantly different at the 0.05 significance level

Mercury concentrations in bats (Chiroptera) from a gold mining area in the Peruvian… 49



gold mining activities, was about two and a half times
higher than that in conspecifics in MAL, and about five
times higher than the median Hg concentration in con-
specifics in TAH, the location furthest away from the
ASGM. Populations of P. elongatus differed significantly
only between locations SAN and TAH (p= 0.028, Mann-
Whitney test). No significant differences were found among
populations of C. brevicauda (p= 0.077, KW-ANOVA).
Populations of A. planirostris at the different study loca-
tions were not compared due to the high percentage (83%)
of <LOQ-values.

We found no significant differences in Hg concentrations
among specimens of different sex for C. perspicillata
(median female 1.05 µg g−1, median male 0.55 µg g−1, n=
28 and 37, respectively) or for P. elongatus (median female
1.68 µg g−1, median male 1.83 µg g−1, n= 6 and 13,
respectively) when pooling all sites (SI-Fig. 1). Only at
SAN, female C. perspicillata (median 1.43 µg g−1 Hg, n=
15) showed significantly higher (p< 0.004, Mann-Whitney
test) Hg concentrations than their male conspecifics (median
0.74 µg g−1 Hg, n= 17). We also did not detect any sig-
nificant difference in Hg concentrations among individuals
of different age (i.e., juveniles, sub-adults, adults) neither
for C. perspicillata nor for P. elongatus (SI-Fig. 2).

Discussion

Our results suggest that fur Hg concentrations in bats
depend on differences in feeding habits and that bats of
higher trophic levels accumulate higher Hg concentrations
than bats of lower trophic levels. This supports the findings
on Hg concentrations in frugivorous and insectivorous bats
in Malaysia (Syaripuddin et al. 2014). The low Hg con-
centrations found in most Artibeus specimens (83% of all
data <LOQ, see Fig. 2 and SI-Table 1) suggest that the
detected Hg concentrations reflect dietary Hg exposure
rather than exposure to Hg in dust particles (i.e., exogenous
Hg).

Differences in Hg concentrations between Carollia and
Artibeus species in ASGM-affected locations are likely due
to dietary differences. Whereas A. planirostris is a canopy
specialist that feeds mainly on fruits from several species of
figs (Ficus), the short-tailed frugivorous bats, C. brevicauda
and C. perspicillata, are understory specialists feeding pri-
mary on fruits from understory shrubs, e.g., Piper (Giannini
and Kalko 2004; Thies et al. 2006). Many Piper species are
early succession plants that grow near disturbed areas
caused by human activities, including gold mining activities
(Thies and Kalko 2004). A higher consumption of Piper
may explain the higher Hg concentrations observed in
Carollia, as these plants are suitable for phytoremediation
of Hg-contaminated soils (Marrugo-Negrete et al. 2016).

Further, higher Hg concentrations in Carollia may reflect a
higher consumption of non-fruit items. Although carolliine
and stenodermatine bats are generally known as fruit-eating
phyllostomid subfamilies (Fleming 1988; Ribeiro Mello
et al. 2004; Thies et al. 1998; Thies and Kalko 2004), both
of them have been reported to occasionally supplement their
fruit diet (probably opportunistically) with nectar, pollen,
and insects, especially during low fruit availability (Arata
et al. 1967; Fleming et al. 1972; Heithaus et al. 1975;
Maguiña et al. 2012). According to York and Billings
(2009), insectivory in Carollia may be more extensive than
previously suggested, and the genus may, therefore, be
trophically positioned between obligate herbivores and
obligate insectivores. Particularly in the southeastern Per-
uvian Amazon, carolliine bats are reported to have a more
diverse diet than stenodermatine species and to complement
their primary Piper-based diet with other fruits and insects
(Bravo et al. 2012). Because fruits in the southeastern
Peruvian Amazon are lower in some nutrients (e.g., sodium)
than fruits in other tropical areas, and carolliine bats in this
region rarely lick soils that constitute natural sources of
minerals for diet supplementation or fruit detoxification, the
insects consumed by Carollia bats may serve as a supple-
mentary source for the limited nutrients in Piper fruits
(Bravo et al. 2012, 2008). Higher Hg concentrations in
Carollia than in Artibeus may, thus, be partially explained
by the more generalist diet of Carollia and by a higher
consumption of fruits with the capacity of accumulating Hg.

We found no influence of sex or age on Hg concentra-
tions in the fur of C. perspicillata and P. elongatus (SI-Fig.
1–2). The non-significant difference between Hg con-
centrations in fur of juveniles, sub-adults, and adults of both
species also indicates that these bats do not accumulate Hg
over time. These results suggest that Hg releases from gold
mining activities in the Madre de Dios region enter the
regional terrestrial trophic web and that wildlife species
living closer to gold mining communities or amalgam
roasting sites are more intensely exposed to Hg than those
living in areas distant from anthropogenic Hg sources. The
lack of statistical significance between Hg concentrations
and sex or age may also be due to a low power of the
statistical tests, i.e., the tests had a low probability of
detecting an existing difference (Steidl et al. 1997). The
misuse of power analysis for interpreting non-significant
study results, such as retrospective power analysis, has been
highlighted by various authors (Gerard et al. 1998; Steidl
et al. 1997; Thomas 1997). These authors note, however,
that retrospective power analysis may be effectively used to
estimate the sample size that would have resulted in a high
probability of detecting biologically significant effects
(Steidl et al. 1997). Sample sizes in our study may not have
been large enough to achieve an acceptable power of 0.8 to
detect a biologically significant effect (Cohen 1988). For
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example, it would have been necessary to test 90 P. elon-
gatus of each sex to achieve an 80% probability of detecting
the true effect of sex in Hg concentrations of the species,
whereas 149 P. elongatus of each sex would have been
required to achieve a 95% probability of observing differ-
ences among the populations (SI-Table 3). Larger sample
sizes may have led to somewhat different outcomes,
because larger samples are more likely than smaller ones to
result in rejection of a false null hypothesis (Cohen 1992),
although according to Steidl et al. (1997), a low statistical
power analysis does not indicate whether or not an effect
actually exists.

The scenario is similar for the non-significant differences
in Hg concentrations between some bat populations of the
same species (Fig. 1d). The different outcomes obtained for
P. elongatus and C. perspicillata at the different study
locations possibly indicate that P. elongatus roams over
larger distances than C. perspicillata. Carollia species are
generally smaller than Phyllostomus species, feeding on
more localized food sources than do Phyllostomus bats,
which sometimes need to fly great distances to obtain their
food. Nonetheless, the lack of a significant difference
among populations of P. elongatus and C. brevicauda may
also be attributed to the small sample size and to the large
variability within the data because in both cases the max-
imum Hg concentrations increased from TAH to MAL and
to SAN (Fig. 2d). A retrospective power analysis demon-
strates, for example, that at least 26 P. elongatus from both
SAN and MAL would have been required to achieve an
adequate power of 0.8 (SI-Table 4).

Our study demonstrates that local gold mining activities
are Hg sources that increase the exposure of local wildlife to
Hg. The actually encountered Hg concentrations are, how-
ever, relatively low. The levels we detected do not surpass
the toxicological threshold at which adverse neurological
effects have been reported in small mammals (>10 µg g−1).
They are in the range of Hg concentrations found in the fur
of frugivorous and insectivorous bat species from nonpoint
source affected sites in Malaysia (0.012–9.5 µg g−1) (Syar-
ipuddin et al. 2014), and in the range of the fur of insecti-
vorous bat species of nonpoint source affected sites in the
U.S. (1.5–3.3 µg g−1) (Karouna-Renier et al. 2014; Nam
et al. 2012).

Mercury concentrations in non-frugivorous bats in the
study site closest to gold mining activities (SAN median
3.23± 2.33 µg g−1; ~ 15 km distance to major ASGM areas)
are much lower than Hg concentrations found in the fur of
insectivorous bats in North America (up to 132 µg g−1)
sampled in areas identified as biological Hg hotspots or near
(~ 25 km distance) anthropogenic Hg point sources (Kar-
ouna-Renier et al. 2014; Little et al. 2015b; Nam et al. 2012;
Wada et al. 2010; Yates et al. 2014). The large difference in
Hg concentrations may be explained by trophic dietary

differences, but also by differences in Hg bioavailability
and assimilation in bats. On one side, in contrast to most
insectivorous bats from North America, insectivorous
phyllostomid bat species are mostly gleaners and do not
frequently prey on emerging aquatic insects that are repor-
ted to be important links in the transfer of Hg from aquatic
to terrestrial food webs (Chaves-Ulloa et al. 2016; Speir
et al. 2014). On the other side, fresh fruit consumption in
the Amazon region has been suggested to reduce Hg levels
in blood and hair and to have a protective role against Hg
dietary exposure (Passos et al. 2003, 2008, 2007). Although
this is not yet fully understood, this effect may be linked to
the content of selenium in certain tropical fruits. Selenium is
known to antagonize the toxicity of both Hg and methyl-
Hg, due to its capacity to form an inert complex (Khan and
Wang 2009). A high-fiber diet has also been reported to
promote a faster elimination of Hg from the body (Rowland
et al. 1986). Finally, while the Hg released from former
chlor-alkali and textile industries in the U.S. (mercuric
sulfate and mercuric chloride) is highly reactive and bioa-
vailable for uptake by organisms, the Hg released by
ASGM is in the form of metallic Hg, which is relative
unreactive and not bioavailable. Thus, the availability of Hg
for biota uptake strongly depends on the physicochemical
form in which Hg exists in a system.

Conclusions

Findings from our study demonstrate that Hg concentrations
in bat fur respond to differences in feeding habits, and
hence, bat fur is a good medium for monitoring the expo-
sure of Hg through the food web in bat populations. Any
assessment of the effects of Hg releases from ASGM must
be done on a species or genus level and consider species-
specific characteristics. At least for two species, populations
in ASGM-affected sites harbored higher Hg concentrations
than populations at more distant sites. As Hg concentrations
reflect Hg dietary exposure, Hg emissions from local
amalgam roasting sites, indeed, seem to deposit locally and
enter the terrestrial food web. This study emphasizes the
importance to consider the feeding habits when assessing
Hg concentrations in bats and other wildlife species. As
other authors, we encourage future studies on wildlife
conservation to estimate a priori minimum sample sizes
required to achieve high probabilities of detecting biologi-
cally significant effects.
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