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Abstract Wildlife and livestock are known to visit and inter-
act with tailings dam and other wastewater impoundments at
gold mines. When cyanide concentrations within these water
bodies exceed a critical toxicity threshold, significant cyanide-
related mortality events can occur in wildlife. Highly mobile
taxa such as birds are particularly susceptible to cyanide
toxicosis. Nocturnally active bats have similar access to un-
covered wastewater impoundments as birds; however, cya-
nide toxicosis risks to bats remain ambiguous. This study
investigated activity of bats in the airspace above two water
bodies at an Australian gold mine, to assess the extent to
which bats use these water bodies and hence are at potential
risk of exposure to cyanide. Bat activity was present on most
nights sampled during the 16-month survey period, although it

was highly variable across nights and months. Therefore,
despite the artificial nature of wastewater impoundments at
gold mines, these structures present attractive habitats to bats.
As tailings slurry and supernatant pooling within the tailings
dam were consistently well below the industry protective
concentration limit of 50 mg/L weak acid dissociable
(WAD) cyanide, wastewater solutions stored within the tail-
ings dam posed a minimal risk of cyanide toxicosis for wild-
life, including bats. This study showed that passively recorded
bat echolocation call data provides evidence of the presence
and relative activity of bats above water bodies at mine sites.
Furthermore, echolocation buzz calls recorded in the airspace
directly above water provide indirect evidence of foraging
and/or drinking. Both echolocation monitoring and systematic
sampling of cyanide concentration in open wastewater im-
poundments can be incorporated into a gold mine risk-
assessment model in order to evaluate the risk of bat exposure
to cyanide. In relation to risk minimisation management prac-
tices, the most effective mechanism for preventing cyanide
toxicosis to wildlife, including bats, is capping the concentra-
tion of cyanide in tailings discharged to open impoundments
at 50 mg/LWAD.
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Introduction

Cyanide is the most significant contaminant influencing wild-
life mortality in the gold mining industry (Henny et al. 1994;
Eisler and Wiemeyer 2004; Donato et al. 2007). A range of
vertebrate fauna visit, and interact with, cyanide-bearing so-
lutions stored in open impoundments such as tailings dams
and process water ponds at gold mining operations (Donato
1999; Donato et al. 2007). When concentrations of bioavail-
able cyanide exceed a critical threshold, cyanide toxicosis can
occur in wildlife (Creekmore 1999; National Industrial
Chemicals Notification and Assessment Scheme 2010). How-
ever, documentation of wildlife cyanide toxicosis events at
gold mining operations is scarce (Clark and Hothem 1991;
Henny et al. 1994; Sinclair et al. 1997; Donato 1999). Defin-
ing prescriptive lethal toxicity concentration thresholds for the
range of species that interact with cyanide-bearing solutions
within tailings impoundments is therefore difficult.

Birds are particularly susceptible to cyanide toxicosis at
wastewater impoundments at gold mines (Eisler and
Wiemeyer 2004). It is not known if this sensitivity is primarily
related to their physiology,or whether flight simply makes
open impoundments more accessible to birds than less mobile
wildlife (Wiemeyer et al. 1986; Donato et al. 2007). Bats
(Chiroptera) also have easy access to cyanide-bearing water
bodies, but the risks they present to bats are not well under-
stood (O'Shea et al. 2001), particularly in terms of a critical
cyanide concentration toxicity threshold (Clark 1991; Clark
et al. 1991). However, research conducted in North America
shows conclusively that bats are at risk and significant
cyanide-related mortality events can occur. For example, be-
tween 1980 and 1989, bats and rodents were the most com-
monly reported mammal mortalities (34 and 35 % of 519
deaths, respectively) at cyanide-extraction gold mines in Cal-
ifornia, Nevada and Arizona (Clark and Hothem 1991), and
Henny et al. (1994) reported that bats comprised 25 % of 665
cyanide-related mammal mortalities reported at gold mining
operations in Nevada between 1986 and 1991.

Despite this evident risk, monitoring interactions between
bats and water bodies at gold mines is either inadequate or
non-existent (Donato et al. 2007; Griffiths et al. 2009). Lim-
ited electronic monitoring of bat echolocation calls conducted
at mine sites in the Eastern and Northern Goldfields of West-
ern Australia has shown that bats are common visitors to the
airspace above tailings dams and a range of other water bodies
at gold mines (Donato and Smith 2007; Smith et al. 2008), but
the degree to which bats ingested cyanide-bearing solutions
could not be determined.

Bats are commonly recorded in large numbers in the air-
space above water bodies from dusk to early evening when
they emerge from daytime roosts to forage and drink
(Ciechanowski 2002; Korine and Pinshow 2004; Adams and
Thibault 2006). Bats drink by swooping down to lap at the

water’s surface while in flight (i.e. drinking on the wing)
(Cockrum and Cross 1964; Adams and Simmons 2002;
Krausman et al. 2006), a mode of drinking similar to that
adopted by swifts (Apodidae) and swallows and martins
(Hirundinidae) (Higgins et al. 2006). In hot, arid environments
bats require daily access to free water to maintain a positive
water balance (Webb 1995; Razgour et al. 2010). The water
requirements of bats change throughout the year, such as
when females require significantly more water during lacta-
tion (Kurta et al. 1989a, b; Kurta et al. 1990). Such physio-
logical requirements can exert a strong influence on temporal
patterns of bat activity at sources of drinking water (Adams
and Hayes 2008; Geluso and Geluso 2012). Factors influenc-
ing temporal patterns of bat activity at gold mining water
bodies, and thereby patterns in the risk of exposure to cyanide,
have not been investigated previously.

Since its inception in May 2000, the International Cyanide
Management Code for the Manufacture, Transport and Use of
Cyanide in the Production of Gold (the Cyanide Code) has
provided impetus for the gold mining industry to develop
methods to investigate exposure of wildlife, including bats,
to cyanide (and other toxicants) stored in open impoundments
(International Cyanide Management Institute (ICMI 2012b).
The Cyanide Code is a voluntary programme for gold mining
companies, and producers and transporters of cyanide used in
the gold mining industry, to develop industry-wide improve-
ments for the responsible management of cyanide (ICMI
2005). To attain certification as a signatory to the Cyanide
Code, gold mining operations must undergo an independent
third-party audit of all monitoring procedures and practices
relating to potential environmental impacts associatedwith the
use of cyanide (ICMI 2007). There was, however, a significant
knowledge gap in understanding, monitoring and managing
risks of wildlife exposure to cyanide-bearing waste solutions
(Smith and Donato 2007). Recent studies in Australia have
focused on risks of diurnal wildlife interactions with waste-
water impoundments while highlighting the need for further
investigation into risks posed to nocturnal wildlife (Donato
and Smith 2007; Adams et al. 2008; Donato et al. 2010).
While this knowledge gap exists, full certification under the
Cyanide Code remains problematic (Donato et al. 2008).

To help address the lack of prescriptive methods for mon-
itoring bat interactions with water bodies at gold mines, we
investigated long-term activity of bats in the airspace above
two water bodies at a Cyanide Code-certified Australian gold
mine. Our aims were:

1. To quantify the activity patterns and species composition
of echolocating bats in the airspace above gold mining
water bodies; and

2. Based on these findings, develop recommendations for
methods to monitor this component of the nocturnal fauna
for compliance with the Cyanide Code.
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Methods

Study site

This study was conducted at Barrick Gold Corporation’s
Cowal Gold Mine (CGM), located in central New South
Wales (NSW), Australia (33° 38′ S, 147° 23′ E). The
climate of West Wyalong (32 km south of CGM) is
characterised by warm summers (average summer maxi-
mum, 32 °C), cool winters (average winter maximum,
15 °C) and average rainfall of 481 mm/annum (Australian
Bureau of Meteorology 2012).

Operation of CGM under Barrick Gold Corporation com-
menced on 30 April 2006. CGM is an open-cut and under-
ground mining operation, with mill process facilities designed
to treat ore by conventional carbon-in-leach and sulphide
floatation technologies including the use of sodium cyanide.
A two-celled peripheral discharge paddock-style tailings dam
covering an area of approximately 170 ha was constructed to
treat and recycle mine waste (tailings) (Fig. 1). A small,
freshwater farm dam (Hillgrove Dam), with an approximate
surface area of 0.9 ha, is located 5 km west of the tailings dam
(Fig. 1).

CGM is a signatory to the Cyanide Code and has devel-
oped systematic procedures to protect wildlife from waste
solutions stored in the tailings dam (ICMI 2012a). In accor-
dance with Consent Condition 5.3(a) of CGM’s NSW Envi-
ronment Protection License (EPL no. 11912, NSW Depart-
ment of Environment and Heritage), mineral processing is
designed to ensure cyanide levels in the tailings dam are
maintained below 20 mg/L weak acid dissociable (WAD)
cyanide for 90 % of the time, with an allowance to exceed
this level from ≤10 % of the time to ≤30 mg/LWAD. These
concentrations are considered to be non-toxic to wildlife
(Eisler 2000; Eisler and Wiemeyer 2004) and are well below
the protective concentration threshold of 50 mg/LWAD cya-
nide prescribed by the Cyanide Code (ICMI 2005).

Water samples were collected by CGM personnel at the
tailings discharge point (spigot) and in the decant water
(supernatant) of the tailings dam twice daily during the course
of this study (February 2011 toMay 2012). On-site laboratory
tests ofWAD cyanide concentration were undertaken using an
Analytical CNSolutionTM FS 3100 analyser (Orion Instru-
ments, Redwood City, California). Daily cyanide concentra-
tions were consistently well below the 50 mg/LWAD protec-
tive concentration limit, and there was extremely low variation
in cyanide concentration at the spigot (mean (±standard error
(s.e.))=4.9±0.09 mg/L WAD) and in the supernatant pond
(mean=1.9±0.05 mg/L WAD). The maximum tailings dis-
charge concentration was 26 mg/LWAD cyanide (28 August
2011), exceeding 10 mg/LWAD on only 21 days (4.6 % of all
days). The maximum cyanide concentration recorded in su-
pernatant pooling in the central decant pond (the location

where bats are at highest risk of exposure via drinking on
the wing) was 10 mg/LWAD (30 August 2011).

CGM has implemented measures designed to minimise
the use of the tailings dam by fauna by maintaining the
facilities as non-conducive habitats to wildlife (Condition
E5.1 of CGM’s NSW Environment Protection License.
There is a 2-m high fence around the perimeter of the
tailings dam with a mesh gauge of 50 mm in the upper half
and 20-mm diameter in the lower half. In addition, fence
mesh is buried 500 mm below ground level to deny access
to burrowing animals. The fence is designed to keep medi-
um and large terrestrial fauna (such as echidnas, kangaroos,
wallabies and stock), as well as amphibians, from entering
the tailings dam. Consequently, the only vertebrate wildlife
likely to interact with cyanide-bearing tailings at CGM are
flying birds and bats. These animals are therefore the focus
of monitoring and remedial activities.

Acoustic sampling of bat calls

Bat echolocation calls were used as an index of bat activity in
the airspace directly above water bodies. Bat activity was
surveyed with ultrasonic bat detectors (Anabat SD1, Titley
Scientific, Lawnton, Queensland), calibrated by adjusting
sensitivity levels against an ultrasound frequency generator
(Anabat Chirper 2, Titley Scientific). Permanent detector sta-
tions were established in February 2011 at the tailings dam
and farm dam. Echolocation data were collected nightly until
May 2012. Detectors were placed within weatherproof plastic
boxes, with the microphone protruding through a hole cut in
the side of the box. Boxes were secured to a metal stake at a
height of approximately 1 m, and the microphone was orient-
ed parallel to the water surface, facing the middle of the water
body. The detectors were programmed to start recording
30 min before sunset and end recording at sunrise and were
triggered automatically (to record a single file up to 15 s in
length) by ultrasonic noise produced by a bat flying within
range of the microphone (zone of reception up to approxi-
mately 30 m).

Echolocation call data were downloaded to a computer
using CFCread version 4.3 s then analysed using AnalookW
version 3.8 s (Corben 2011, www.hoarybat.com). A call
sequence was defined as a file containing at least three
echolocation pulses (frequency sweeps) identified as bat
echolocation calls (Hourigan et al. 2008), and each call se-
quence separated by >5 s was designated a unique file
(Turbill 2008).

Temporal patterns of activity: February 2011 to May 2012

Sonograms (frequency versus time graphs) of recorded bat
call sequences were manually sorted in order to define
activity, pooling call sequences for all species to investigate
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activity patterns of the entire assemblage of bats recorded in
the airspace above the two water bodies. All call sequences
were then screened manually for buzz calls associated with
pursuit and capture of prey and drinking on the wing.
Terminal buzz calls are characterised by a rapid increase in
pulse repetition rate, slope, frequency and speed (Griffin
1958), and are clearly audible in a frequency-divided audio
file of a call sequence. The presence of audible buzz calls
within call sequences was assessed to provide validation of
buzz calls detected by visual inspection of sonograms. Sono-
grams were converting into audio (.WAV) files, at a frequen-
cy division ratio of 8, in AnalookW, then played in Win-
dows Media Player version 12 (Microsoft, Redmond,
Washington).

Mean monthly activity patterns were calculated for
nights of matched recordings at the tailings dam and farm
dam (i.e. nights when detectors worked at both water bod-
ies) from the nightly number of call sequences recorded
each month. Hourly activity patterns were defined as the
mean number of call sequences recorded per hour after civil
twilight, from Geoscience Australia (http://www.ga.gov.au/
geodesy/astro/sunrise.jsp), for all species over all recording
nights from February 2011 to May 2012 at both water
bodies. Hourly patterns of foraging/drinking were also in-
vestigated by calculating the number of buzz calls recorded
each hour after civil twilight. Minimum nightly ambient
temperature, mean wind speed, mean barometric pressure
and total rainfall were derived for each night of bat sam-
pling from hourly recordings taken between dusk and dawn
by a weather station (GRWS100, Campbell Scientific; 17 m
above ground level) located at the CGM main administra-
tion building.

Activity recorded by multiple detectors within the tailings
storage facility

In February 2012, two detectors were deployed in addition
to the permanent detector station within the tailings dam
(Fig. 2) to assess whether detector location within the
central supernatant pond influenced the number of call
sequences recorded. The three detectors were calibrated
and enclosed in weatherproof housing as described above.
The detectors were placed ≥50 m apart and recorded from
sunset to sunrise for 13 consecutive nights from 27 Janu-
ary to 8 February 2012.

Species identification: 2006–2012 monthly dataset

To supplement the nightly recordings from February
2011 to May 2012, a longer-term dataset was incorpo-
rated to investigate broad patterns of species diversity.
Echolocation calls were recorded over four consecutive
nights per month from April 2006 to December 2011 at
the tailings dam and farm dam. A subset (four consec-
utive nights per month) of the February 2011 to May
2012 dataset was also included in the analysis. One
observer (Donato) identified call sequences recorded in
the first 4 h after civil twilight to taxa known to occur
in the study area. Voucher calls presented in Pennay
et al. (2004) were used as a reference library. Where
individual species could not be clearly distinguished,
call sequences were identified to genus, with three gen-
era recognised: long-eared bats (Nyctophilus), broad-
nosed bats (Scotorepens), forest bats (Vespadelus) and
free-tailed bats (Mormopterus) (Supplementary material

Fig. 1 Aerial photograph of 1 the
farm dam and 2 the Cowal Gold
Mine two-celled paddock-style
tailings dam. The tailings dam
was under construction at the time
of this photograph, consequently
there was no water within the
structure
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Table S1). A conservative approach to species identifi-
cation was taken and any ambiguous calls were not
identified.

Data analysis

Echolocation call data recorded on 212 matched nights at
the tailings dam and farm dam were significantly non-
normal (Shapiro–Wilk W test: P<0.001) (Dytham 2011).
Consequently, a non-parametric Wilcoxon signed-ranks
test was used to assess differences in activity on matched
nights at the tailings dam and farm dam (Quinn and Keough
2002). The 212 matched nights were separated into seasons
(spring, summer, autumn and winter), and differences in
activity among seasons were assessed using Wilcoxon
signed-ranks tests. The Kolmogorov–Smirnov two-sample
test was used to determine whether activity at each water
body was evenly distributed throughout the night (Dytham
2011).

Using the same 212 matched nights, a non-parametric
Wilcoxon signed-ranks test was used to test for differences
in the number of terminal buzz calls recorded in the airspace
above the two water bodies. The Kolmogorov–Smirnov two-
sample test was used to assess if buzz calls were evenly
distributed throughout the night. A one-way between-groups
analysis of variance (ANOVA) was used to assess the influ-
ence of detector location within the tailings dam supernatant
pond on bat activity (over 13 consecutive nights from 27
January to 8 February 2012) (Quinn and Keough 2002). To

meet assumptions of normality and equal variances, bat activ-
ity data (call sequences per night) were square-root
transformed.

For the April 2006 to May 2012 monthly species
diversity dataset, a Wilcoxon signed-ranks test was used
to assess differences in activity of four taxa (Gould’s
wattled bat, Chalinolobus gouldii; white-striped free-tailed
bat, Tadarida australis; free-tailed bat, Mormopterus spp.;
forest bat, Vespadelus spp.) at the two water bodies. These
taxa were selected because they collectively comprised
96.4 and 95.8 % of identified call sequences at the tailings
dam and farm dam, respectively. All statistical analyses
described above were carried out the using SPSS version
20.0 (IBM, Chicago, Illinois), and bat activity data are
reported in the text as mean±s.e. (except where stated
otherwise).

A linear mixed-effects model was used to assess the
influence of weather variables on bat activity using
Genstat version 14 (VSN International Ltd., UK)
(Bolker et al. 2009). As weather data were not available
for every night, a subset (136 nights) of bat activity
data recorded on 212 matched nights at the two water
bodies was analysed. The maximal model contained
four explanatory variables for the weather (minimum
nightly temperature, mean nightly wind velocity, maxi-
mum nightly barometric pressure and nightly rainfall),
with site (two levels: tailings dam and farm dam) and
date (136 levels) and their interaction included as ran-
dom factors; date was modelled using an AR1

Fig. 2 Aerial photograph
showing approximate position of
three bat detectors within the
Cowal Gold Mine tailings dam
central supernatant pond. The
three detectors were operational
on 13 consecutive nights from 27
January to 8 February 2012. Site 1
was the location of the permanent
bat detector station used to collect
monthly data (April 2006 to May
2012) for species composition
analysis and continuous data from
February 2011 to May 2012
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correlated error structure. To help satisfy modelling as-
sumptions, Ln(bat activity+1) was used as the outcome
variable. The most parsimonious model was derived by
removal of non-significant (P>0.05) terms.

Results

Comparison of activity at the tailings dam and farm dam:
2011–2012 dataset

Over 16months from February 2011 toMay 2012, bat activity
was recorded in the airspace above both water bodies on
almost all recording nights. Zero call sequences were recorded
on only 23 nights (7.6 %) at the tailings dam and 19 nights
(8.6 %) at the farm dam. A total of 50,620 bat call sequences
were recorded on 521 detector nights, comprising 32,669 calls
from 301 nights at the tailings dam (mean±standard devia-
tion=108.8±161.9) and 17,951 calls from 220 nights at the
farm dam (mean±standard deviation=81.6±102.3); reduced
from a possible 450 nights at each because of mechanical
failure or limitations in the availability of equipment.

Activity on matched nights

Matched nights of data were recorded on 212 nights from
February 2011 to May 2012, yielding 25,022 and 17,829
echolocation call sequences at the tailings dam and farm
dam respectively. Overall bat activity did not differ signifi-
cantly between the two water bodies (Wilcoxon signed-ranks
test: Z=−1.657, P=0.098). Monthly bat activity at the tailings
dam and farm dam varied considerably (Fig. 3). The highest
mean activity at the tailings dam was in February 2011, with
another peak in October 2011. Mean activity at the farm dam
also peaked in February 2011 and October 2011. A higher
mean activity was recorded at the tailings dam in the first
9 months when data were recorded; this pattern then reversed
and mean activity was higher at the farm dam for the last
3 months (Fig. 3).

At a finer resolution, there was considerable variation in
nightly activity, including the occurrence of spikes in activity,
documented at both water bodies. There was marked night-to-
night variation during periods of both (a) low (June 2011) and
(b) high (November 2011) activity (Fig. 4). Mean activity at
the tailings dam in June 2011 was 23.2±8.7 (range 0 to 249
calls). In November 2011, the mean was 136.9±18.7 (range
11 to 395 calls). At the farm dam, monthly mean activity for
June and November were 14.1±3.6 (range 0 to 78) and 110.8
±14.4 (range 8 to 300), respectively. Similar spikes of activity
occurred across the entire survey period; however, activity
spikes did not occur at both water bodies on the same nights
(Fig. 4). The maximum activity was 1,243 calls at the tailings

dam in August 2011 and 642 calls at the farm dam in February
2012.

There were differences in relative bat activity among sea-
sons at the two water bodies. Mean activity was greater at the
tailings dam than the farm dam in winter (Wilcoxon signed-
ranks test: Z=−3.499, P<0.001; tailings dam=117.0±28.1,
farm dam=28.8±4.1) and spring (Z=−2.122, P=0.034; tail-
ings dam=146.9±18.3, farm dam=102.0±14.8), while activ-
ity was greater at the farm dam than tailings dam in summer
(Z=−1.974, P=0.048; tailings dam=148.3±23.1, farm dam=
189.3±17.5), with similar activity at both water bodies in
autumn (Z=−0.292, P=0.770; tailings dam=153.0±44.1,
farm dam=100.9±16.0).

Although considerable variation occurred in night-to-night
bat activity recorded at three detector sites within the tailings
dam over 13 consecutive nights in January–February 2012,
mean activity at the three sites was similar (F2, 36=0.119, P=
0.888; site 1=91.1±27.3, site 2=108.0±24.3, site 3=104.1±
35.1).

Hourly activity

For all calls combined, highest activity occurred in the first
hour after civil twilight (tailings dam 22.3 % and farm dam
23.2 % of call sequences), whereas more than 60 % of all
calls occurred in the first 4 h after civil twilight at both
water bodies. For calls on 212 matched nights at the two
water bodies separated into seasons, the hourly distribution
of activity was significantly non-uniform (Kolmogorov–
Smirnov two-sample tests, P>0.05) (Supplementary mate-
rial Fig. S1). Nightly activity patterns were similar at both
water bodies across all seasons, with highest activity oc-
curring within 4–5 h of sunset, then steadily decreasing
towards dawn. However, bats were consistently present in
the airspace above both water bodies throughout the night.
There was a slight pre-dawn increase in activity at the farm
dam in autumn.

Effect of weather

Bat activity (Ln(echolocation call sequences+1)) was posi-
tively related to minimum nightly temperature (linear mixed-
effects model: estimate=0.1611, s.e.=0.0197; P<0.001),and
negatively related to mean nightly wind velocity (linear
mixed-effects model: estimate=−0.3404, s.e.=0.0764;
P<0.001). Bat activity was not significantly related to maxi-
mum nightly barometric pressure or nightly rainfall (P>0.05
for both).

Terminal phase buzz calls

Of the 32,669 echolocation call sequences recorded at the
tailings dam, 3.5 % (1,155 calls) contained a terminal buzz
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call, while 2.3 % (415 calls) of the 17,951 call sequences
recorded at farm dam contained a buzz call. The maximum
number of buzz calls in one night at the tailings dam was 103
in August 2011, while at the farm dam the nightly maximum
was 34 in 14 October 2011. On matched recording nights,
there were significantly more buzz calls (Wilcoxon signed-

ranks test, Z=−3.733; P<0.001) at the tailings dam (mean=
4.5±0.7) than the farm dam (mean=1.9±0.3). The hourly
distribution of buzz calls was significantly non-uniform (Kol-
mogorov–Smirnov two-sample tests, P>0.05) at both water
bodies. Although buzz calls were recorded throughout the
night at both water bodies, the majority occurred in the first
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4 h after civil twilight (69.8 % at the tailings dam, 78.6 % at
the farm dam) (Fig. 5).

Species identification from long-term dataset (2006–2012)

A total of 13,233 and 8,424 echolocation call sequences were
recorded in the first 4 h after civil twilight over 150 matched
nights from April 2006 to May 2012 at the tailings dam and
farm dam respectively. Of these, 75.3 % of call sequences
from the tailings dam were identified to the level of species or
genus, as were 68.4 % from the farm dam (Table 1). All bat
genera present in the West Wyalong region of NSW were
recorded at least once in the airspace above the tailings dam
and/or the farm dam (Supplementary material Table S1).
Pairwise comparisons (between water bodies) of identified
calls indicated Gould’s wattled bat, free-tailed bat spp. and
the white-striped free-tailed bat were significantly more active
at the tailings dam than farm dam (Wilcoxon signed-ranks
test: Gould’s wattled bat, Z=−3.624 (P=0.001); free-tailed bat
spp., Z=−4.7 (P<0.001); white-striped free-tailed bat, Z=

−6.250 (P<0.001)), whereas activity of forest bats was similar
at both water bodies (Z=−0.532; P=0.595). The sample size
for the other species/genera was too small for a statistical
comparison.

Discussion

Activity patterns and cyanide toxicosis risks to bats

To our knowledge, this study represents the longest running
survey of bat activity in the airspace above water bodies at a
gold mine. Although activity was highly variable across nights
and months, bats were present at both the tailings dam and
farm dam on the majority of nights throughout the survey
period, and all known genera from the West Wyalong region
were recorded during the six years of sampling. This suggests
that a wide range of species and large numbers of individuals
have the potential to interact with cyanide in gold mining
wastewater impoundments.
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Fig. 5 Percentage of foraging/
drinking buzz calls detected each
hour after civil twilight at the
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tailings dam and 220 nights at the
farm dam from February 2011 to
May 2012. During spring and
summer, dawn occurs in the 9th
and 10th hours after civil twilight;
whereas in autumn and winter, it
occurs in the 11th and 12th hours

Table 1 Identification of echolo-
cation calls recorded in the first
4 h after civil twilight from April
2006 to May 2012 at the tailings
dam and farm dam

Data are total number of calls
identified, with percentage of total
calls in parentheses. Values
highlighted in bold indicate a sig-
nificant difference in activity re-
corded between the two water
bodies for that species/taxa

Species Tailings dam (%) Farm dam (%)

Unidentified 3,262 (24.7) 2,661 (31.6)

Vespertilionidae

Gould’s wattled bat (Chalinolobus gouldii) 2,492 (18.8) 1,336 (15.9)

Chocolate wattled bat (Chalinolobus morio) 1 (0.001) 3 (0.05)

Little pied bat (Chalinolobus picatus) 39 (0.1) 3 (0.05)

Long-eared bats (Nyctophilus spp.) 34 (0.3) 57 (0.7)

Broad-nosed bats (Scotorepens spp.) 269 (2.0) 178 (2.1)

Forest bats (Vespadelus spp.) 2,321 (17.5) 2,268 (26.9)

Molossidae

Free-tailed bats (Mormopterus spp.) 3,240 (24.5) 1,671 (19.8)

White-striped free-tailed bat (Tadarida australis) 1,559 (11.8) 247 (4.3)

Emballonuridae

Yellow-bellied sheath-tailed bat (Saccolaimus flaviventris) 16 (0.1) 0
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Our findings highlight the need to consider the variable
nature of bat activity when monitoring wildlife at cyanide-
bearing water bodies. Bat activity can be highly variable, both
within and between nights (Fenton et al. 1977; Kuenzi and
Morrison 2003). Nightly bat activity has been correlated with
a range of abiotic factors, including nocturnal light intensity
(Ciechanowski et al. 2007), temperature (Bullen and
McKenzie 2005; Milne et al. 2005a), air pressure (Turbill
2008), rainfall and subsequent availability of drinking water
(Geluso and Geluso 2012). However, the patterns documented
are not universally consistent. Variation in nightly activity
recorded during this study was significantly correlated to
temperature and wind velocity, but not rainfall or air pressure.
During this study, consecutive years of above average rainfall
occurred, resulting in multiple significant region-wide
flooding events in 2011 and 2012 (Australian Bureau of
Meteorology 2012), and thus an abundance of water away
from the two sampled water bodies. Consequently, correla-
tions between nightly bat activity and weather variables dur-
ing this study may differ under other environmental condi-
tions.More generally, the factors influencing temporal activity
in the airspace above water bodies at gold mines are likely to
vary with the geographic location of the mine and the season
in which monitoring is conducted.

Bats often display consistent temporal patterns of activity
throughout the night (Law et al. 1998; Milne et al. 2005b;
Adams and Thibault 2006). Concentrated activity at water
bodies immediately after dusk has been reported previously
(Cockrum and Cross 1964; Lumsden and Bennett 1995;
Korine and Pinshow 2004; Geluso 2007; Geluso and Geluso
2012). A peak in activity at water bodies immediately after
nightfall has been related to two primary factors: (1) concen-
trated foraging effort to exploit crepuscular activity patterns of
invertebrate communities (Taylor 1963; Racey and Swift
1985; Rautenbach et al. 1988; Kalcounis-Rüeppell et al.
2007) and (2) the need to maintain a positive water balance
by drinking from surface water upon emerging from diurnal
roosts (Webb 1995; Kurta et al. 1989a, b; Adams and Hayes
2008). During this study, activity at both water bodies was
greatest in the hour immediately after civil twilight, and more
than 60 % of all activity occurred in the first 4 h after civil
twilight. Furthermore, the majority of echolocation sequences
containing terminal buzz calls were recorded in the first 4 h
after civil twilight. Although terminal buzz calls are often used
to infer a rate of bat foraging activity (Vaughan et al. 1996;
Polak et al. 2011), buzz calls recorded in the airspace directly
above water are also produced by echolocating bats drinking
on the wing (Russo et al. 2012; Griffiths 2013). However, it is
currently not possible to separate drinking and foraging buzz
calls solely on characteristics of echolocation calls (Griffiths
2013). When dealing specifically with echolocation call data
recorded at water bodies, it may therefore be appropriate to
use the term ‘terminal buzz calls’ to incorporate both foraging

and drinking behaviour (Griffiths et al. 2014). Monitoring
techniques such as the use of infrared video recording could
be employed to investigate this further, particularly if cyanide
concentrations in open impoundments are above the 50 mg/L
WAD industry protective limit.

When cyanide concentrations in gold mining wastewater
impoundments exceed a critical toxicity threshold significant
mortality events can occur in bats (Clark and Hothem 1991;
Henny et al. 1994). Although there is little information relat-
ing specifically to cyanide tolerance in bats, one laboratory-
based study has investigated lethal dose at 50 % (LD50) of
little brown bats Myotis lucifugus. When dosed orally with
sodium cyanide, the little brown bat, white-footed mouse
Peromyscus leucopus, house mouse Mus musculus and mal-
lard Anas platyrhinchos, showed 24 h LD50 values of 8.4, 28,
8.7 and 2.9 mg kg−1 body weight, respectively (Clark and
Hothem 1991). By this measure, the sensitivity of the little
brown bat was similar to the house mouse, but the threefold
variation between the two mice species indicates that other bat
species would need to be tested before any generalities can be
drawn between groups of species (Clark et al. 1991). Howev-
er, in the absence of any further toxicological studies, it is
reasonable to predict that critical toxic thresholds for free-
ranging bats interacting with gold mining wastewater im-
poundments would be similar to that reported in other small
insectivorous mammals (see Eisler 2000). A maximum con-
centration of 50 mg/L WAD cyanide in solution is typically
viewed as being protective of most terrestrial wildlife and
livestock (Ma and Pritsos 1997; ICMI 2005; Hagelstein and
Mudder 2006). The 50 mg/L WAD cyanide concentration
limit has largely been determined by field observation at
tailings systems with salinity concentrations potable to wild-
life (Henny et al. 1994; Donato 1999; Griffiths et al. 2014).
The cyanide concentration within the CGM tailings dam
(spigot discharge and pooling supernatant) was consistently
well below the 50 mg/LWAD industry protective limit during
this study. Therefore, supernatant stored within the CGM
tailings dam posed a minimal risk of cyanide toxicosis to
wildlife, including bats.

Management implications

The highly variable nature of bat activity has significant
implications for monitoring with echolocation recording tech-
niques (Milne et al. 2005b). Accurate and precise measures of
bat activity can only be obtained by using intensive sampling
efforts that account for temporal variation (Hayes 1997, 2000;
Skalak et al. 2012). To achieve certification under the Cyanide
Code, specific protocols describing temporal frequency and
duration of bat detector surveys must be developed on a site-
specific basis (Donato et al. 2008). Gold mining operations
that discharge tailings to open impoundments at cyanide con-
centrations consistently below 50 mg/L WAD are likely to
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pose minimal risk of cyanide toxicosis to bats (Donato et al.
2007). For routine wildlife monitoring under such operating
conditions, bat detector surveys should be conducted for a
similar time frame as those recommended in general fauna
survey guidelines: a minimum of four consecutive nights per
survey (Australasian Bat Society 2006; Eyre et al. 2012).
However, the frequency at which these surveys occur (i.e.
monthly or quarterly) will need to be determined via negoti-
ation between the mining operation, the independent Cyanide
Code certification auditor and the ICMI. As part of this
process, the gold mining operation is required to demonstra-
tion a ‘good faith effort’ to investigate the risk cyanide-bearing
water bodies pose to wildlife (ICMI 2005, 2007). For sites that
have no previous records of bat activity, baseline bat detector
surveys should be conducted to investigate the variation in bat
activity above water bodies at that particular site (e.g. monthly
surveys for 6–12 months).

Any gold mining operation discharging tailings to open
impoundments at cyanide concentrations exceeding 50 mg/L
WAD is required to satisfy an independent auditor that no
impacts to vertebrate wildlife, including bats, are occurring
(ICMI 2007). Currently, the ICMI has prescribed daily wild-
life surveys (including a thorough search for the presence of
carcases) as a standard operating procedure for gold mining
operations storing wastewater in open impoundments at con-
centrations above 50 mg/LWAD cyanide (Adams et al. 2008;
Donato 2009; Donato et al. 2010; ICMI 2010).

At two Australian gold mines currently conducting noctur-
nal surveys of bat activity as part of routine wildlife monitor-
ing procedures, a single bat detector is deployed per water
body (ICMI 2010, 2012a). Data from the CGM tailings dam
suggest that when surveying a centrally located supernatant
pool within a conventional paddock-style tailings dam, the
specific location of the bat detector does not significantly
influence the number of echolocation calls recorded. Howev-
er, this finding would need re-testing at more irregularly
shaped tailings dams, like those constructed by damming a
natural valley. As the spigot discharge point within this type of
impoundment changes, ephemeral water bodies can form
around the periphery (Donato, personal observation). This
can also be the case at dry-stacking central-discharge tailings
dams, where ephemeral supernatant ponds can form around
the periphery of the dam (Griffiths et al. 2014). The location of
a bat detector may significantly influence the number of
echolocation calls recorded within such complex tailings
dams. In these cases, several detectors may need to be de-
ployed to ensure an accurate measure of bat activity is
recorded.

Although cyanide concentrations at the CGM tailings dam
during this study were consistently low, sampling at other gold
mines has shown that cyanide concentration within tailings
dams, and other wastewater impoundments, is not stable
(Donato 1999; Adams 2001; Donato and Smith 2007;

Griffiths et al. 2009). The concentration of cyanide in tailings
slurry discharged to tailings dams can vary temporally in
relation to changes in ore characteristics and mill processing
procedures (Botz et al. 1995), resulting in spikes in concen-
tration of bioavailable cyanide within open impoundments
(Environment Australia 2003; Adams et al. 2008). The com-
bination of fluctuating cyanide concentration within open
impoundments and sporadic high rates of bat visitation greatly
increases the risk of cyanide toxicosis, and has been implicat-
ed in cyanide-related mortality at gold mines (Henny et al.
1994; Sinclair et al. 1997; Eisler et al. 1999; National
Industrial Chemicals Notification and Assessment Scheme
2010). This highlights the need for paired monitoring of
wildlife visitation and cyanide chemistry at gold mining
wastewater bodies (Donato et al. 2007).

Cyanide monitoring at gold mining operations often relies
on sampling data that bears little relevance to the cyanide
concentrations to which wildlife may be exposed within a
wastewater impoundment (Donato 1999; Environment
Australia 2003). For example, sampling supernatant only after
it is pumped from the tailings dam back to the mill can result
in significant underestimation of the concentration of bioavail-
able cyanide within the tailings dam (Eisler 2000; Adams
2001). Systematic cyanide monitoring protocols developed
by CGM address this deficiency by collecting water chemistry
data that accurately document the hazard: at the tailings dis-
charge point (spigot) into the tailings dam and in the superna-
tant decant pond in the centre of the tailings dam (ICMI
2012a). This monitoring method moves away from reactive
procedures, which only document the cause of impacts
(Sinclair et al. 1997), towards the development of preventative
cyanide concentration trigger values, designed to detect an
increase in the likelihood of wildlife cyanide toxicosis prior to
the occurrence of wildlife deaths (Donato et al. 2007, 2008).
To achieve compliance with the Cyanide Code, systematic
sampling of cyanide concentrations within open impound-
ments should be conducted to document the hazard to wildlife
prior to the occurrence of mortality incidents (ICMI 2005).
The frequency of sampling required for compliance is typi-
cally determined on a site-by-site basis, however if cyanide
concentrations at discharge into the tailings dam approach or
exceed 50 mg/L WAD, then daily sampling is necessary
(ICMI 2007).

Conclusions

Passively recorded echolocation data presented here provide
empirical evidence of the presence and activity patterns of bats
above gold mining water bodies. These observations are con-
sistent with data presented on wildlife cyanide toxicosis risks
at gold mining operations for a wide range of diurnal verte-
brate taxa (Donato and Smith 2007; Smith et al. 2008; Adams
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et al. 2008; Hudson and Bouwman 2008; Griffiths et al. 2009;
Donato et al. 2010). It is therefore clear that, despite the
artificial nature of wastewater impoundments at gold mines,
these structures present attractive habitats to vertebrate wild-
life, including bats (Griffiths et al. 2014).

Both echolocation monitoring and systematic sampling of
cyanide concentration in open wastewater impoundments can
be incorporated into a gold mine risk-assessment model in
order to evaluate the potential of bat exposure to cyanide.
Documenting empirical evidence of the extent of bats drink-
ing on the wing is logistically difficult when sampling remote-
ly with bat detectors (Griffiths et al. 2009). However, echolo-
cation buzz calls recorded in the airspace directly above water
provide indirect evidence of foraging and/or drinking behav-
iour (Griffiths 2013). A high rate of buzz calls recorded above
a cyanide-bearing water body may be used as a risk assess-
ment trigger point to activate control measures to reduce
cyanide concentrations below 50 mg/LWAD. Fewer options
are available for operations consistently discharging tailings to
open impoundments at cyanide concentrations exceeding
50 mg/LWAD, as the efficacy of control measures designed
to physically exclude wildlife from accessing wastewater
impoundments (e.g. bird balls; Ramirez 2010) are untested
for nocturnally active taxa such as bats.

The most effective mechanism for preventing cyanide tox-
icosis to wildlife, including bats, is reducing the concentration
of cyanide in tailings discharged to open impoundments to
below 50 mg/L WAD (Donato et al. 2008; Griffiths et al.
2009). Limiting spigot discharge concentration to this level
will result in habitats downstream of the spigot (i.e. fast-
flowing tailings streams and ponding supernatant) being con-
sistently well below 50 mg/L WAD (Donato et al. 2007;
Adams et al. 2008).
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